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19. ABSTRACT

Multi-layer MISFET gate-stack test structures, incorporating crystalline oxide ferroelectric films with
Si0, buffer and cap layers, Si3Ny4 diffusion barriers and TiW or Al gate electrodes, were fabricated using
our pulsed laser deposition (PLD) apparatus (scaled under the pregram to allow coating 4-inch wafers
compatible with IC processing) to demonstrate memory storage capability, and to establish the basis for
a FEMFET-FERRAM thin-film technology using an oxide ferroelectric material. C-V measurements
indicated excellent memory-window characteristics, suggesting that underlying (p-) type silicon could be
driven to deep depletion with switched remanent polarization (P,) values of less than 0.2 uC/cm?. Early
device wafers were fabricated using these gate structures, and switchable ferroelectic memory transistors
were successfully demonstrated. However, transistor memory retention measurements yielded poor
retention times similar to those attained with BMF. Destructive readout measurements of ferroelectric
remanent polarization vs. time for these gate structures suggested excellent remanent polarization (P,)
memory retention and that the rapid decay of the C-V memory window observed (in transistor gate
structures) was due te a progressive build-up of charge caused by ion migration within the ferroelectric
layer.

A unique, highly sensitive, non-destructive method of determining charze migration behavior in the
ferroelectric layer from CV measurements was developed, which provided a powerful new analytical tool
for the characterization of fatigue and aging effects in both FEMFET and (modified) ferroelectric
capacitor memory structures. Using this testing method, a factor of approximately 1000 improvement
in the retention of BTO gates was demonstrated through the use of Nb doping. Gates fabricated with
undoped PZT and Al top electrodes gave extrapolated memory retention exceeding 10 years! As a
-consequence of this latest work with new materials, compatible buffer-layer and cap-layer incorporation
into the memory gate structure, low-stress metallization techniques, and lithography appropriate for
delineation of the oxide ferroelectric gate dielectric, we feel that most of the issues associated with a high
retention FEMFET demonstration are now essentially under control. However, because ot funding and
time constraints a transistor device wafer lot employing these improvements was not fabricated.

Despite the fact that high-performance memory device arrays with high yield have not yet been obtained,
the intrinsic merits and practical potential of the technology have been successfully demonstrated using
ferroelectric oxide thin film materials. As a consequence of results achieved on this program, and of
several related studies reported in the literature, exciting opportunities now exist for significant further
improvements in the performance and stability of FEMFET-FERRAM transistor arrays.

The coauthors of this report wish to acknowledge experimental and developmental contributions trom
Mary Austin, Murray Polinsky, Paul Brabant and Ed Stepke at Westinghouse, consulting and specialized
measurements from Dr. S. B. Krupanidhi (Penn State University), as well as advice and consulting frcm
Drs. Don Smyth and Marvin White (Lehigh University), and Dr. S. Y. Wu (McDonnell Douglas).
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1.0 EXECUTIVE SUMMARY

The Westinghouse contract is aimed towards the development of
a 4-inch silicon wafer technology for FERRAM/FEMFET
(Eerroglectric Memory EET) ,memory arrays. The memory cell
structure involves a ferroelectric layer as the gate
dielectric of the FET, where the candidate ferrocelectric
materials identified for evaluation were a fluoride (BaMgF4 =
BMF) or oxide (Bi4Ti3012 = BTO or other). “The key aspects of
the program address the following: (a) development of
Integration Compatible / Accelerated Lifetime (ICAL) test
vehicles incorporating prototype FEMFET structures, (b)
optimization of integrated fluoride or oxide films as low-

coercivity ferroelectrics, (¢) demonstration of long-term
device stability (i.e. evaluation of retention, fatigue, and
aging effects) in optimized transistor structures, and (d)
development of large-area manufacturing processes compatible
with 4-inch FERRAM/FEMFET technology.

The Interim Report'.covering the first phase of this contract
described an investigation of MBE-grown ferroelectric
‘fluoride' (BMF = BaMgF4) films as gate insulators for NDRO
ferroelectric memory FET device structures based primarily on
(100) oriented silicon, and to some extent on GaAs wafers.
Although devices showing large programmable memory windows
were obtained, using relatively low address voltages, the BMF
transistor structures exhibited rather poor reproducibility,
and electrical instability manifested as poor retention
capability. The test transistors fabricated exhibited good
transistor curves; however, retention time was on the order
of one to five hours. Measurements using the Radiant
Technology RT-66A ferroelectric test system of the stored
ferroelectric remanent polarization were inconclusive (values
were too small to measure reliably because films on silicon
had the polar axis oriented mostly in-plane instead of the
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desired orientation out-of-plane). Further studies, including
temperature-bias3stress evaluations, indicated that mobile
charges (ionic conductivity) were a significant factor in
producing a fast decay of the memory window (i.e. loss of
retention). These results were the major reason in deciding
to shift the study of ferroelectric FEMFETs from BMF to other
'oxide' ferrolelectric materials such as bismuth titanate
(BTO). Additional problems encountered with BMF gate
insulator structures included high coercive fields, and film
cracking arising from the high differential thermal expansion
between BMF and Si. Also, thin BMF layers, when electroded
with Al films, exhibited large internal clamping fields
(presumed to be of piezoelectric origin) which suppressed

polarization switching.

Results of the second phase of the program are presented in
this report, which focuses on exploration of ferroelectric
bismuth titanate (BTO) films for the FEMFET gate dielectric,
since there is growing evidence that layers of BTO and
certain other ferroelectric oxides, when suitably processed,
may possess switching and stability properties that are far
superior to those thus far obtained for BMF layers. This
evidence has emerged primarily from our recent effective
development of pulsed (excimer) laser deposition (PLD) as a
gronh method for BTO (as well as several other mixed oxides)
that is markedly superior, in control of film composition and
structure, to previously used sputtering technigues. However,
it is also strongly supported by a re-evaluation of key
device and.materials parameters (from work at Westinghouse
and elsewhere), and by recent findings on the successful
chemical doping of ferroelectric oxide films to achieve
significant improvements in electrical quality.

An 8K FERRAM Test Vehicle was created for evaluation of

FEMFET baseline process integrity. This mask set featured a
full complement of test structures for evaluation of the
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process integrity of the FEMFET process. .
These test structures address such issues as performance,
reliability, producibility, radiation hardness, and
uniformity of the baseline technology. Wafer fabrication on
this program phase used short-loop gridded wafers for
ferroelectric capacitor fabrication and evaluation and fully
processed device wafers for FEMFET fabrication. Durung this
program phase 111 gridded wafers were processed and 15 device
wafers were processed up to FEMFET formation using oxide
ferroelectric materials.

Under Westinghouse IRAD efforts before the start of the
present program, we had demonstrated operation of an
integrated oxide-type gate structure with 5V programming
using BTU films prepared by pulsed laser deposition (PLD).
Optimum deposition parameters for preparing BTO films on
small substrates were established prior to the start of the
present program. The focus of our oxidé-ferroelectric thin
film deposition efforts on the present program was on scaling
the already established BTO process to allow coating 4-inch
silicon wafers to be compatible with our existing lum CMOS
very large scale integrated circuit (VLSIC) fabrication.

Multi-layer MIS test structures, incorporating crystalline
ETO films with Si0O2 buffer and cap layers, Si3Ng diffusion
barriers and metal (and alloy) gate electrodes, were
fabricated using our scaled PLD apparatus to demonstrate
memory storage capability, and to establish the basis for a
FEMFET-FERRAM thin-film technology using an oxide
ferroelectric material. C-V measurements indicated excellent
memory-window'characteristics, suggesting that p-type silicon
electrodes could be driven to deep depletion with switched
remanent polarization (Pr) vaiues of less than 0.2 pC/cm2.

Early device wafers were fabricated using these gate
structures, and switchable ferroelectric memory transistors
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were successfully démonstrated. However, transistqr memory
retention measurements yielded poor reteht%on times similar
to those attained with BMF. Measurements of ferrcelectric
remanent polarization vs. time of gate structures suggested
excellent memory retention and that the rapid decay of the C-
V memory window observed (in both gates and transistors using
BTO layers) was due to a progressive build-up of fixed
positive charge caused by ion migration (within the BTO
layer) to the semiconductor interface.

In order to eliminate the possible effects of measurement
fields on the stability of the stored C-V window condition, a
unique indirect, non-destructive electrical measurement
approach has been developed at Westinghouse, whereby the
memory window threshold voltages were imputed from zero-bias
values of the gate capacitance Cgqg, using SONOS C-V reference
plots. This highly sensitive, non-destructive method of
determining charge migration behaviour in the ferroelectric
layer provides a powerful new analytical tool for the
characterization of'fatigue and aging effects in both FEMFET
and (modified) ferroelectric capacitor memory structures.

Significant improvements in C-V window retention have been
demonstrated on this program with new ferroelectric oxide-
type memory gate stack structures (having buffer- and cap-
layers and metal top electrodes of Ti-W or Al) and new
ferroelectric oxide materials (e.g. doped BTO and PZT). In
particular, a factor of approximately 1000 improvement in the
retention of RTO gates was demonstrated through the use of Nb
doping; and, gates fabricated with undoped PZT and Al top
electrodes gave extrapolated memory retention exceeding 10
years! As a consequence of this latest work with new
materials, compatible buffer- and cap-layer incorporation in
the memory gate structure, low-stress metallization
techniques, and lithography appropriate for deliniation of
the oxide ferroelectric gate dielectric, we feel that most of
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the 1issues assocfated with & high retention FEMFET
demonstration are now essentially under control. However,
because of funding and time constraints a transistor device
wafer lot employing these improvements was not fabricated.

Despite the fact that high-performance memory device arrays
with high yield have not yet been obtained, the intrinsic
merits and practical potential of the technology have been
successfully demonstrated using ferroelectric oxide thin film
materials. As a consequence of results achieved on this
program, and of several related studies reported in the
literature, exciting opportunities now exist for significant
further improvements in the performance and stability of
FEMFET-FERRAM transistor arrays.
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2.0 INTRODUCTION

Nonvolatile memory is an essential requirement for all
computer systems. It is especially important for military
systems where vital information has to be stored in some type
of a nonvolatile memory (i.e. memory that does not forget
when power is lost in a hostile environment). Among the
available nonvolatile memory technologies, disk memories
offer large capacities, and are widely used in such items as
personal computers. However, they are slow, bulky, and
susceptible to breakdown because of their mechanical nature.
Magnetic core and magnetoinductive plated wire memories are
very limited in capacity, very bulky, have large power
requirements, and are very expensive. Erasable programmable
read-only memories (EPROM) and electrically erasable
programmable read-only memory (EEPROM) have slower write
speeds, are susceptible to radiation damage, and fatigue
faster than either core or silicon random access memories.
Silicon oxide-nitride-oxide silicon '(SONOS) memory is a
nonvolatile memory option that is fast to read and can be
radiation (RAD) hard. Unfortunately however, SONOS is yet to
be programmed for 1long retention (over five years) with
programming pulses of 1lus or shorter. Another memory option
currently under development is the magnetoresistive random
access memory (MRAM), which has the potential to provide high
density, radiation hardness, and nondestructive readout
(NDRO) operation with unlimited endurance. Major
disadvantages of this device are its slower read cycle time
and larger cell design.

Key characteristics of some of the military nonvolatile
memory technologies as they existed near the middle of 1991
are listed? in Table 1-1. When one considers all the
selection requirements for a nonvolatile memory, namely fast
read/write, radiation hardness, cost effectiveness via
compatibility with currently used integrated circuit (IC)
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processing technolo§y, high endu}ance and retention, and
nondestructive readout (NDRO) capability, the ferrocelectric
memory stands out as the logical choice for all applications
where submicrosecond programming is needed.

The basic characteristics of a ferroelectric material that
make it suitable for memory device application include
primarily its ability to retain two stable remanent
polarization (* P,) values at zero field, thus providing
nonvolatility. The second basic aspect relates to the
control and sensing of the remanent polarization state,
including a means for polarization reversal from up (+ 1) to
down (0) or vice versa. For compatibility with standard
silicon complementary metal-oxide semiconductor (CMOS) ICs,
the ferroelectric memory element must switch at an applied
Qoltage of less than 5V. The first ferroelectric memory
transistors were fabricated in the 1950's and 1960's;
however, all of these early devices used bulk ferroelectric
material with a thin film of semiconductor on top, thus

requiring higher than acceptable switching voltages. The
first thin film ferroelectric memory device was fabricated by
S.Y. Wul at Westinghouse in 1974. The structure of this

device, called metal-ferroelectric-semiconductor transistor
(MFST) by Wu was identical to the standard silicon metal-
insulator-semiconductor field effect transistor (MISFET),
except that the insulator in the MISFET was replaced by a
thin (3 to 4 um) layer of sputter-deposited ferroelectric
bismuth titanate. Although the device was stable and
functional, it required a very large switching voitage, thus
making it incompatible with silicon ICs. 1In addition, it was
slow (switching time of the order of microseconds). The slow
speed was attributed by Sugibuchi et al% to tunnel-injection
effects, i.e., charge injected from the silicon surface into
traps in the ferroelectric film through a thin native $i0j
barrier layer. This resulted in injection-type on/off
switching (similar to SONOS) dominating over the desired
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polarization-type sw&tching. Sugibuchi eliminated injection
and demcnstrated ferroelectric memory operation by using a
thick (500A) barrier layer which required high voltage to
operate. Recently, Buhay et al’ demonstrated operation at
low voltage using a thin barrier layer. In this work bismuth
titanate films were fabricated by the pulsed laser deposition
(PLD), which provides a much better control of stoichiometry
compared to sputter deposition used in earlier Westinghouse
work. This latest thin film development work with bismuth
titanate was'performed under Westinghouse IR&D funding prior
to the start of this second phase of the contract, and
provided the motivation to pursue further development of our
ferrcelectric memory using ferroelectric oxide materials.

17




3.0 TECHNICAL EFFORT
3.1 Ferroelectric Memory Integration Schemes

Two basic types of integration schemes are being pursued by
the ferroelectric memory community at this time: (1)
destructive readout (DRO) where the information must be
rewritten after every read operation, and, (2) nondestructive
readout (NDRO) where the information can be read over and
over again until the next write operation. Integrated
ferroelectric random access memory (FERRAM) using the DRO
scheme closely resembles dynamic¢ random access memory (DRAM).

The description and background of the various DRO FERRAMs are
available from many other sources and will not be covered
here. The recent surge in interest in ferroelectric
nonvolatile memories can be traced to the development of thin
film technologies in the 1970's and 1980's allowing the
fabrication of thin film ferroelectric capacitors at
temperatures compatible with cemiconductor processing, and
the successful 1integration of these capacitors into
demonstration DRO FERRAM chips by Ramtron and Krysalis in the
mid 1980's. A good description of these developments can be
found in the review article by Scott and Araujo®

The NDRO scheme makes use of a ferroelectric pemory FET
(FEMFET), in much the same manner as the "floating gate
memory transistor" or the "SONOS" memory transistor, which is
widely used in many large, commercial, fast-read EEPROMs or
in RAD-hard nonvolatile RAMs, to provide nondestructive
readout, in addition to fast read. Also of great importance
in this device is the fast write characteristic, which
derives from the use of special high quality ferroelectric
films within the gate stack of the FEMFET. Switching of the
polarization state of the ferroelectric gate structure caused
by a "write" pulse results in a "permanent” modulation of the

18
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FET's channel conduétivity to a fone" or "zero" condition.
The c¢ross section of the FEMFET, shown in Figure 3-1 is
achieved using an "add-on" process module engineered to be
compatible with existing lpm CMOS very large scale integrated
circuit (VLSIC) fabrication. Before an 'oxide' ferroelectric
gate stack is grown, specific preparatory steps are used to
insure the absence of a "tunneling-trapping barrier" layer of
the type observed by Wul at the interface between the

-semiconductor and the 'oxide' ferroelectric. The gate

structure is also "capped" with a thin layer of 8§i0y to

achieve a more robust MISFET gate dielectric capable of
handling larger electric fields. Additionally, the capping
layer provides better memory gate adhesion and facilities
memory-gate stack photoengraving. ‘

The advantages of the FEMFET are inherent amplification built
into the device, unlimited read cycles (the device fatigues
only during reprogramming and ncot during routine reading),
and potentially very high packing density associated with the
two devices per cell format. Thin films of ferroelectric
barium magnesium fluoride (BMF) and bismuth titanate BTO) are
being used in the FEMFET debelopment program at Westinghouse.

3.2 'OXIDE' FEMFETs / Background and History

The basic charge-storage mechanisms of FEMFET devices have
been discussed, for example, in papers by Wud , Sugibuchi et
al.* , and more recently by Sinharoy et al.’ Various
mechanisms can operate to provide a sheet of (spacé) charge
in the vicinity of a semiconductor-insulator interface. The
occurrence and field-induced migration of contaminant alkali
ions in Si0z layers is a well-known example®. Another
example, which has been studied and exploited extensively in
oxide-nitride (SONOS) memory structures, is the tunneling of
injected charge into traps - primarily at the interface
between two dielectric layers. Figure 3-2 shows the shift in
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voltage of a high-frequency C-V curve when positive or
negative charge, Qf, is present at the interface, ,measured
relative to an ideal C-V curve where Qf = 0. A positive Qf
causes the C-V curve to shift towards more negative gate
(metal electrode) bias values for both n- and p-type
semiconductors, and conversely for a negative Qf. Next, the
charge Qf can be identified with the effective reversible
surface charge of a polarized thin film of ferroelectric
material, and in fact Figure 3-3 suggests? the programming
method for a ferroelectric memory FET (FEMFET). AsS
illustrated in Figure 3-3, when the gate is positive, the
reversible ferroelectric spontaneous polarization (Pg)
switches orientation so that the negative electric dipole
charges are adjacent to the positive gate, forcing the
positive electric dipole charges to be at the silicon
interface, and conversely. The shift in the flatband voltage
indicated in Figure 3-2 can be related to the change in the
insulator space charge ( or the effective change in Ps near

the semiconductor interface) by an expression’ of the form
AQf = -Cj AVpp ' (3-1)

The first successful achievement of a FEMFET device
employing a ferroelectric film as the gate dielectric was
obtained by Wud at Westinghouse. Using metal-ferroelectric-
semiconductor-transistor (MFST) structures comprising 2 - 4
um thick BTO gate dielectric layers sputtered on silicon, he
was able to demonstrate reversible changes in channel
conductance by changing the voltage on the gate. In these
devices, however, the simple switching mechanisms depicted in
Figures 3-2 and 3-3 were not observed. Under gate voltages
high enough to produce memory storage, carriers were injected
into the ferrroelectric from the silicon, and these charges
led to the attraction of carriers of opposite polarity to the
semiconductor surface. It seems probable that these effects
arose from the formation of a thin mixed oxide

22




. ot R
‘I

TR, R G EE T T i AN

Gate Bias

Positive

( Threshold
Shift: )

Negative

( Threshold

Shift: )

Figure 3-3:

YRR T T TG X YT (TR TERGER. AL Ty 0 P . R r AN N e 3

,.,\:-‘:"._ v “ﬂ‘ :‘,“‘._. : “-:-;’»T'E!\' 11 ,1\‘!_ Lh) '”.__L";'[?‘f_ \'ﬁ!'t‘lmmim'ﬂ]‘ bk _ N TR Lod o Wby PYNEE Lt fils ¥

f T S T Y AT 3 i} Ay 3 i e A
i " A 5 3 adfer el

Ferroelectric ( FE)

‘ﬂﬂ!i_
R

FE P

DODDD

Silicon
( Negative)

Cote D -
YEEEEE

FE P

@006

Silicon
( Positive)

Ferroelectric Memory FET Programming’.

25




layer at the interface, because of the oxidizing environment
during BTO deposition and the necessity for extended sputter
deposition times at elevated temperature.

In subsequent work by Sugibuchi et al.4, the titanate layer
was formed by annealing (at 6500C) amorphous films deposited
on unheated Si substrates. This procedure reduced stress and
cracking prevously induced in the films by differential
thermal contraction. The results obtained indicated that
charge injection could be avoided by operating at gate
voltage frequencies higher than 1 kHz, or by adopting a
structure in which a thin (500A) thermal oxide buffer layer
was interposed between the titanate and the silicon. In these
situations, modulation of the silicon surface potential
occurred only through polarization reversal in the
ferroelectric film. The switching time for a 0.7 pum thick BTO
film was found to be exponentially dependent on the applied
voltage, typically 10 msec at 25 V and 300 msec at 15 V.
Considering the early state of development and the primitive
passivation approaches used in these studies, the retention
characteristics of these p-channel devices wers rather
promising. The "on" and "off" states were relatively stable
even at 1000C and no fatigue effects were observed up to 105

write and erase cycles.

Few published studies have yet appeared on FEMFET device
structures with other ferroelectric oxides as the gate
insulator. An early attempt was made by Higuma et al.l? to
develop FEMFET structures on n-type GaAs substrates (Np = 2-9
X 1017/em3), using RF sputtered lead lanthanum titanate (PLT)
films as the gate dielectric. The films were grown at
temperatures below 5000C and subsequently annealed at
temperatures up to 7500C to develop the crystalline
perovskite-type ferroelectric structure. This vyielded
ferroelectric hysteresis loops with typical values of Pr =
7.7 uC/cﬁ2 and Eé = 120 kV/cm. Transistor structures were
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fabricated , using 2h diffusién toﬁproduce the p-type source
ahd drain regions. Well-defined "on" and "off" states were
observed, but with coperating power levels about an order of
magnitude lower than those reported by Wu3 and Sugibuchi* for
structures on Si with BTO gates. However, the Ip vs. Vg
characteristics for these PLT devices on GaAs indicated
clearly defined switching thresholds consistent with the
normal ferroelectric polarization reversal mechanism (i.e. no
evidence of charge injection into the ferroelectric).

More recently, Rost et al.!! produced FEMFET structures by RF
magnetron sputtering of ferroelectric LiNbO3 films on (111)
silicon substrates. The potential advantages of LiNbO3 gate
structures, on this orientation of Si, derive from the ease
with which the polar c-axis can be grown normal to the
substrate, the low chemical reactivity of the niobate, and
the extremely high value of Pg (71 uC/cm?) reported for this
~material. A novel molybdenum lift-off process was used to
delineate the 25 um square FET structures. Using niobate
films 2700A thick, grown at 6000C, low leakage values (34 pA$
were obtained and an amplification factor of 64 was reported.
Also, in operation hysteresis of parameters of the device
were altered in a way which was consistent with ferroelectric
switching being the dominant effect. Below we describe
results achieved under the present program using BTO and
other oxide ferroelectric materials in the development of
oxide-type FEMFETs.

3.3 Critical Parameters for Optimum FEMFET Pexformance

From the above discussion it 1is clear that the primary
mechanism for channel conductance modulation during FEMFET
operation ( i.e. the desired polarization reversal in the
ferroelectric layer, or undesired charge injection into the
ferroelectric) depends sensitively upon the compositional
profile in the vic@nity of the semiconductor-dielectric
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interface. We shall éiscuss this more fully later in relation
to thin film deposition and annealing conditions for the gate
dielectric, and the interposition of ‘buffer-barrier and
capping layers for reduction of injection and leakage. Next,
we consider the dependence of the polarization switching
process and memory retention characteristics on the intrinsic
electrical parameters of the metal-dielectric-semiconductor

structure.
3.3.1 Ferroelectric Film Quality

First, consider thé ferroelectric polarization process and
its dependence on film gquality. This process, and the
threshold switching fields and polarization values involved,
are sensitive to ferroelectric film composition,
crystallinity, orientation and stress condition ( as
described in 1later discussion). In particular, earlier
studies by Luke!213 on crystals of BTO, showed that
switching- and coercive-fields (Es and Ec) and also switching
speed were extremely sensitive to chemical purity. Optical
evaluation of depoling effects showed that in crystals grown
from high-purity oxides, nucleation and propagation of
reverse domains occurred from a few fixed sites near the
electrode interface. BTO crystals grown from reagent grade
(RG) materials of lower purity, however, display reverse
nucleation from many sites throughout the crystal, and also
require an order of magnitude higher field to attain the same
switching speed as high purity crystals. The key role of
impurities such as Fe203 in influencing Er and switching
speed was demonstratad by Lukel!?2 . Also, a strong anisotropy
in conductivity (at least two orders of magnitude between the
a- and c-axes of the crystal) was noted in RG material.

In general, the switching and coercive fields measured in

thin film ferroelectrics range from one to two orders of
magnitude higher than those found for crystals of the
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equivalent bulk materials. The higher fields required in

films have been a source of concern in relation to power

requirements for memory operation, but can be offset to a
large extent by using lower film thicknesses. A high E¢
parameter (coupled if possible with the pseudo-threshold c-
axis switching characteristic of BTO) is attractive for
another reason, viz. it tends to neutralize the effect of
depolarizing fields .inherent in the metal-ferroelectric-
semiconductor geometry, as discussed below.

3.3.2 Interrelatior of Device Operating Fields and
Dielectric Parameters

Consider briefly the key operating (and intrinsic) field
conditipns required for FEMFET devices, and their dependence
on the electrical properties cf the ferroelectric layer and
semiconductor substrate. We begin by defining the threshold
field Eth required to change the surface potential of the
semiconductor from flat bénd to strong inversion, and hence
the condition of the channel conductance from "0" to "1".
Following the recent discussion by Petrovsky et al.!4 this can
be expressed as

Eth = [4kTN 1n(N/nj)/(€0 €g)]11/2 (3-2)
where k 1is the Boltzmann constant and N, nj , €g are
concentration, intrinsic concentration and dielectric

constant respectively of silicon. Also, modifying equation
(3-1), for the field strength caused by spontaneous
polarization to be sufficient for effective modulation of the

semiconductor surface potential, one has
Ps/ (€0 €s) > Eth. (3-3)

The Pg term in this expression also corresponds to the

saturated value of polarizatiocn achieved at the switching
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voltage. After switching, the polarization condition relaxes
to the remanent value Pr, which when inserted in equation (3-

3)defines a "holding field" for retention of the stored "1".

Returning to the treatment by Petrovsky et al.!4 , one can
also express a relation for the values of the characteristic
fields in the FEMFET device, as follows

Ps/(€Q €j) < Ec < Ep < EB 3-4)

where E¢ is the coercive force, Ep is the field in the
ferroelectric created by the applied voltage, and Eg is the
breakdown voltage. The expression Pg/(€0 €j) has been
suggested as a figure of merit for FEMFET type devices. This
expression appears to be more appropriate than the ratio
Ps/(€0 €; Ec) proposed by Scott. et al.® for capacitor
memories, which characterizes the ratio of non-linear
switching response to linear non-switching response.

Petrovsky et al.!* have used relations (3-2), (3-3) and (3-4)
to derive the representation shown in Figure 3-4, which shows
limits of the permissible area of FEMFET operation, assuming
different values of permittivity for the ferroelectric film.
The area shown is for Eg = 5.106 v/em, Ea = 106 v/cm, Ec =
5.105 v/cm, Eg (Eth) = 4.103 v/cm (N = 1014 cm-3y, for the
range Pg/(€n €7) = 4.103 - 5.105 v/cm.

3.3.3 Origin and Role of Depolarizing Fields

It has been pointed out!5!6 that the metal-ferroelectric-
semiconductor (MFS) configuration, despite its advantages for
low-power NDRO operation, is extremely susceptible to
instabilities due to high built-in depolarizing fields. This
situation has been studied theoretically and experimentally,
especially with reference to ferroelectric TGS layers on
silicon substrates. In the conventional metal electroded
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ferroelectric capacitor geometry, the reverse depolarizing
field which tends to reduce the.polarization, is largely
compensated by charges in the electrodes. However, when one
of the electrodes is a rather lightly-doped semiconductor (
as is the case with FEMFET devices) band bending gVp (see
Fiqure 3-5) near the surface gives rise to a depolarization
field in the ferroelectric, which under short-clrcuit
conditions 1is given by the band bending divided by the
thickness of the ferroelectric. For majority-carrier
depletion, Vp is related to the total charge Og in the space

charge region and can be shown to be given by
Vp = 2M(OCg)2/€ g Np . (3-5)

where € = 6 is the dielectric constant for silicon, g is the
magnitude of the electronic charge, and Np is the acceptor
density in the Si electrode. Using photo-illumination to vary
the compensation-charge extension in the silicon electrode,
Wurfel and Batra!® were able to confirm modeling predictions
that the deéolarization fields can reduce the intrinsic
polarization, and for sufficiently thin films 1lead to
polarization instability. Also, calculations by Batra and
Silverman!? for TGS-based structures would suggest that the
values of depolarizing field can range -from abcut 104 V/cm
for carrier concentrations of 1017 /cm3 to. 107 V/cm oF higher
for uncompensated conditions arising from doping levels
around 1015 /cm3. The latter field values are in excess of
the dielectric breakdown strength for most ferroelectric
materials.

It is clear that the situation just described does not apply
to gate voltages which lead to majority carrier accumulation
at the semiconductor surface, or in other words to an "off"
or "0" memory state. For this condition, as shown by
Sugibuchi et al.4 , the value of the depolarizing field is
well below the activation field needed for film switching.
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Also, under low-freguency test conditions or under photo-
illumination, where thermal generation of minority carriers
or photo-generation of carriers, can enhance the total
surface charge density in the silicon, the depolarizing field
is effectively compensated. A simplistic application of the
above arguments to our experimental structures, comprising a
ferroelectric BTO film sandwiched between an aluminum gate
electrode and a lightly-doped silicon substrate, leads to
some additional operating limits with reference to those
indicated in Figure 3-4. Thus, the depolarizing field in the
ferroelectric, Ef , must lie significantly below the Es limit
(in Figure 3-4) in order for the remanent polarization and
stored information to be stable. The fact that E¢ values for
thin films of BTO tend to be unifofmly higher than those for
bulk crystals by two to three orders of magnitude helps this
situation, but also increases gate operating voltages and
power requirements.

In the present studies (see section 3.6.4, we have seen
instabilities (loss of retention) in charge stored in metal-
ferroelectric-semiconductor test structures based on both BMF
and BTO layers; however, these effects have usually been
observed as shifts of threshold voltage in CV plots and not
as loss of remanent polarization (Py) in the ferroelectric
films. For this reason, we feel that the actual depolarizing
fields present in our structures must be significantly
smaller than those estimated in the studies of Batra et
al. 1617 on TGS based structures. Before discussing the
expefimental data (see section 3.6.4) obtained in this phase
of the program, we briefly consider some possible reasons for
the apparent low values of depolarization field, Ef, in our

test devices.
3.3.4 Some Aspects of Practical FEMFET Structures

The practical FEMFET designs and test structures that have
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emerged during this program now contain features (or

operating conditions) that may invalidate models such as
those developed by Batra et al.!” to explain depolarizing
effects in TGS-based MFS structures. These features are
described in greater detail below, where the properties and
electricel optimization of multi-layer devices are
considered. Suffice to say at this point, that in practice we
are dealing not with - a simple ferroelectric sandwich
structure, but with a three- or four-layer structure of the
type metal-electrode/cap- layer/ferroelectric/(diffusion-
barrier)/buffer- layer/silicon. Each of these layers plays a
key role in successful device operation. Thus, the buffer
layer (Si032) suppresses tunnel-injection of carriers from the
silicon, which would otherwise allow slower SONOS-type
operation to dominate. The diffusion barrier (e.g. Si3Ng)
blocks migration of mobile species associated with electrical
instability. The ferroelectric layer stores polarization
which modulates the surface potential of the silicon, and the
cap layer (Si02) blocks intergranular 1leakage under
electrical bias from the gate. While the detailed
consequences of such multi-layer configurations are discussed
later, we now consider briefly the general effects to be
expected, particularly with reference to depolarization and

stability of stored charge.

First, extending on the points raised above, the significance
of depolarizing effects in a simple
metal/ferroelectric/semiconductor structure will clearly
depend upon the mode and speed of operation. For applied
field polarity leading to the depletion condition illustrated
in Figure 3-5, at frequencies higher than 10 Hz, positive
values of polarization are completely unstable due to the
high depolarizing field. To obtain symmetrical, and
completely saturated loops under dark conditions, frequencies
of about 0.1 Hz must be employed, to allow time for thermal
generation to build up charge near the surface of the
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silicon. Translating this to FEMFET operation, aﬁ undesirable
long write-pulse of several seconds duration would have to be
sustained in order to invert the channel region to a level
necessary to compensate the depolarizing field.

Next, consider why depolarizing effects appear not to be
significant in our BTO (and BMF) multi-layer structures? Wwe
believe that this may be attributable to differences in the
ferroelectric film microstructure (c¢cf. the TGS structures
wurfel et al.!®) and to the presence of several additional
interfaces in our devices. The TGS films produced by melt- or
solution-growth methods, contain large-area continuous
single-crystal regions, with very pronounced shape
anisotropy. Long-range cooperative interaction of the dipoles
in such structures (which conform more closely to the
idealized film model) might be expected: to generate and
sustain depolarizing fields approximating the theoretical
value (4nPs). In our SMF and BTO films, we are dealing with
roughly equi-axed granular structures, with the individual
grains approaching 1 micron in size. Due to the large thermal
expansion mismatch relative to silicon, the grains are
frequently separated by cracks or fissures. Thus, we have a
loosely-coupled granular array, with only weak long-range
interaction (and no domain coupling) occurring during
polarization switching. The depolarizing field for each
individual grain 1is of course very small, and may be
completely overwhelmed by other internal field effects such
as stress-induced (or piezo-electric) fields.

Even if strong ferroelectric coupling were possible in these
granulér film structures, the interfaces present in multi-
layer structures of the type considered here might be
expected (as discussed by Lines and Glass!8) to lead to space-
charge accumulation at boundaries with the ferroelectric
layer, and thus to compensation of the depolarizing field.
The specific roles of component layers, for example, in
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enhancing breakdown ‘strength, reducing tunnel injection and
modifying the field in the ferroelectric, are considered in
Section 3.2 above.

3.3.5 Stability Effects, Mobile Ions, Etc.

As mentioned above, our results on both BMf-based (see
Interim Report!) BTO-based (see section 3.6.4) FEMFET
structures thus far have indicated that, while retention of
remanent polarization Pr is in many cases adequate, the width
of the C-V memory window shrinks with time, leading to poor
retention. The mobile-charge drift mechanisms which appear to
be causing these degradation effects!? are not yet properly
understood. Large shifts in flat-band voltage produced by
drift of alkali ions to the oxide-silicon interface, were
observed early in the development and passivation ( with
thermal Si0O3) of silicon devices’ , and were eliminated by
resorting to high-purity fabrication practices; However,
relatively little is known about mobile ion effects in multi-
layer dielectric structures in which the component films are
processed primarily by vapor deposition apprpaches.

The results presented in this report (see séction 3.6.4) show
that striking improvements in (C-V window) retention are
achieved by substituting more refractory 1ions in the
ferroelectric oxide crystal structure. Exploration of such
"doping" effects for ferroelectric memory films was prompted
by earlier studies on ceramic ferroelectrics by Jaffe et al.20
which showed that addition of Nb to perovskite-type lead-
based ceramics resulted in a marked reduction in
conductivity. More recently, the basis for such doping ,
using e.g. La3* to substitute for divalent A-site cations and
NbS5+ to substitute for tetravalent B-site cations in
perovskite ferroelectrics, has been analyzed by Smyth2!

Several workers?22} have successfully applied the approach to
PZT ferroelectric films used for capacitor-type memories, and
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were able to demonstrate significant reduction in fatigue.
Substitution with higher-valence dopants seems in pasticular
to lower the occurrence of positively charged mobile oxygen
vacancies, which can readily deQelop in thin films at
elevated thin film deposition temperatures due to phemical
reduction and loss of volatile oxide constituents.

If mobile positive charges are in fact present in the as
-deposited ferroelectric BTO layers fabricated in our FEMFET
device structures, the work by Smyth?! suggests that they
could readily migrate under the action of the internal fields
(104 -105 v/cm) that probably exist during memory storage. In
our case, this could lead to progressive build-up of trapped
fixed poritive charge at the ferroelectric/buffer interface,
which is expected to cause the observed (see section 3.6.4)
asymmetric shrinkage of the C-V memory window. The internal
fields arise from Pr dipole alignment (cf. Figure 3-18) but
may also be attributable to depolarizing fields and/or to
piezo-electrically induced effects. In particular, we have
found that residual stress in aluminum gate electrode films
on BMF layers! can be high enough to completely suppress

formation of a C-V memory window.

Although our experimental observations in this report suggest
that loss of retained memory is primarily due to field-
induced charge migration within the ferroelectric layer,
instabilities caused by other components in the multi-layer
. FEMFET structure cannot entirely be ruled out. For example,
we have observed that both the methods of fabricating buffer-
, capping- and barrier-layers, and the choice of materials
for these layers, can have a significant influence on
switching and memory storage properties. As a case in point
the dielectric leakage and breakdown behavior of $i02 thin
films used for capping the ferroelectric, are markedly
superior for layers prepared by LTCVD than for layers
prepared ‘by plasma- or sputter-deposition. An extensive
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lliterature exists on the mechanisms of charge trapping and
bias-stress-induced instabilities in oxide-nitride type FET
Istructures.-‘“--’-5 While these studies are useful in defining
gate-bias and temperature conditions, and mobile chemical

species (e.g. hydrogen), that may initiate current leakage
effects, it 1s important to remember that they pertain only
to high-field ( > 1 MV/cm ) gate-bias modes that exist
briefly when the memory device is being addressed. Here, the
dramatic retention improvements achieved by doping the
ferroelectric laver, and the fact that the original charge
migration must have occurred at much lower residual fields
(with no externally applied gate bias), imply that the
intrinsic dielectric quality of the ferroelectric plays the
key role in relation to memory window retention. This, of
course, is only true provided that the remaining Si0O2 and
Si3Ng4 layers in the FEMFET are adequate to perform their

functions.

3.4 Materials and Device Structures Considerations

In the program originally proposed, two thin-film
ferroelectric approaches for FEMFET devices were described,
Ithe first based on barium magnesium fluoride (BMF) and the
second on bismuth titanate (BTO). Previous Westinghouse
lefforts on MIS test structures had indicated that BMF films
were not only highly compatible with the silicon surface, but
.could yield excellent memory window properties with long-term
operation stability. It was already known that in the case of
BTO films, further efforts would probably be required to
overcome certain interface problems and to control
ferroelectric switching behavior. Thus, the BTO technology
initially was relegated to a backup role on this program.

Due to parallel recent Westinghouse-supported IRAD efforts
(see Appendix D) on bismuth titanate (BTO) in MIS device
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structures, the device potential of BTO films (relative to
BMF films) appeared promising, 80 that we focused on this
material and other oxide ferrcelectrics for our FEMFET memory
development efforts during a second phase of the subject
contract. Recall, from earlier research on BTO structures by
Wwud at Westinghouse and Sugibuchi et al.4 at Nippon Electric,
in addition to recent studies by the present authors’ and
Kalkur et al.2¢6 , that in MI(Si) devices based on BTO films
deposited or annealed at high temperatures, polarization
revergal (at least at lower frequencies, i.e. < 1 kHz) is
dominated and rate-limited by charge injection and trapping
from the semiconductor into the ferroelectric. To suppress
this tunneling injection, s$o0 that normal high-speed
polarization switching can dominate, it is necessary to
insert a high-quality dielectric buffer (or barrier) between
the silicon and the ferroelectric layer. In operation, part
of the voltage applied to the MIS gate electrode is now
dropped across thig dielectric buffer layer, so that the
field available for switching the ferroelectric is reduced.
The development ©f high-quality Si02 and Si3Ng4 layers for
SONOS-type memories and for control of interface states, is a
technology in which Westinghouse is a pioneer and world
leader. The key issues in the oxide-type PFEMFET device
gtructure considered here are t¢ maintain the control and
perfection of such buffer layers, while als¢ incorporating a
high-quality switchable ferroelectric oxide layer on top.

During the past three years, rapid proqress has been made in
the deposition and optimization of a wide variety of
ferroelectric oxide £ilm compositions?’” , using growth
techniques such as rf sputtering, ion-beam sputtering, MOCVD,
puls.d laser deposition (PLD) and sol-gel growth. Most of
these approaches have been developed in response to the needs
for relatively rugged ferroelectric capacitor structures in
integrated DRO memory arrays. Insertion of ferroelectric
films by such techniques into NDRO FEMFET structures requires
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more careful control of thermal and chemical précossing
conditions in order to avoid degradation of both the
semiconductor interface and the ferroelectric layer itself.
As indicated in the following discussion, if such control can
be &chieved ,the FEMFET approach might readily be extended to
a much wider range of oxide ferroelectrics, and in particular
1.0 materials offering easier processing together with a more
attractive combination of chemical satability and
ferroelectric and dielectric properties.

3.4.1 Ferroelectric Thin Film Matezial Options

Table 3-1 shows a brief listing of ferroelectric materials
which have been prepared recently in thin film form, by bwth
vapor deposition and sol gel techniques, to yield materi..s
displaying varying degrees of ferroelectric activity. The
data shown for permittivity , remanent polarization and
coercive field are for selected film samples described in the
literature. These numbers are not intended to be
representative either of the material or the deposition
technique, and in some cases differ widely from bulk values.
They are used here simply to develop some criteria by which
the relative merits of materials for insertion into FEMFET
devices can be evaluated.

To compare the effect of polarization and dielectric
parameters on the magnitude of the memory window, we assume
an MIS structure with a total buffer 1layer thickness
(including silicon oxide and nitride) of about 300A, and a
cap layer thickness of S500A, typical of what were used. The
ferrcelectric film thickness is assumed to be 5000A (which
also is reasonably typical of BTO films used). With an a.c.
or pulse signal applied to the gate, the voltage will divide
between the ferroelectric and non-ferroelectric layers of the
gate insulator in inverse proportion to their effective
capacitance. For simplicity, we assume an applied signal of
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+10V or - 10V. The ratio of ferroelectric layer to non-
ferroelectric layer capacitances, Cf/Cnf , can be derived
from the permittivity and thickness values, and is listed in
the table. From these data we obtain the voltage , V¢, and
field Ef across the ferroelectric, which can be compared with
the coercive field Ec (usually listed for a fully saturated
loop). With the exception of bismuth titanate and lithium
niobate, few experimental data are yet available for MIS or
FEMFET structures incorporating these thin film dielectrics
as a gate insulator.

Although in all the cases listed in Table 3-1 the need for a
separate oxide barrier to suppress tunneling is assumed, this
assumption may not be valid. For example, in the case of
LiNbO3 the recent studies by Rost et al.!! using sputtered
films as the gate dielectric, have claimed that switching
proceeds by the normal polarization reversal process, without
occurrence of charge injection into the ferroelectric film.
To explain this observation it is asserted that the lithium
niobate film , during deposition, is relatiyely unreactive
towards the silicon surface, and thus there is a reduced
tendency to generate a thin oxide tunneling barrier at the
semiconductor/dielectric interface. It is clear from results
emerging in the literature that each ferroelectric oxide film
material, depending on deposition conditions, will probably
generate its own set of interfacial chemical and electronic
artifacts when grown directly on silicon. In recognition of
this problem, Westinghouse has sought to simplify the
interface situation by using , for all ferroelectric oxide
films studied in this program, a standard buffer structure
approach based on silicon oxide/nitride.

3.4.2 Influence of Processing and Structure /

Critical Parameters

Using the data in Table 3-1, we derive a preliminary summary
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of expected relative performance, comment on the'usefulness
of the parameters listed, and suggest directions qf research
on processing and the device structure which should lead to
optimization of FEMFET performance. At first sight, for the
buffered and capped structures assumed here, a combination of
low permittivity , low coercive field and reasonably high
polarization appear to offer the best performance. From the
first two of these parameters, the ratio of the field across
the ferroelectric to the coercive field, Ef/Ecs, can be
estimated as a switching figure of merit. This field ratio is
highest for LiNbO3, but also exceeds unity for five of the
other materials (although the situation for BTO varies widely
with the reported values of Eg). It is lowest for the PbTioOj3
-based ferroelectric films, due to the higher wvalues of
permittivity. Although the ratio Ef/Er defines the ease of
storing information in the memory during operation, it
ignores the problem of retaining the information. For good
retention, as discussed above, Ec should be higher than the
depolarizing field. With this problem in mind, in Table 3-1
we list additionally estimated values of the operational
figure of merit Pr/E.

A high switching FOM value, as defined by the field ratio
Ef/Ec, should ensure that the effective Pr displayed by the
ferroelectric gate dielectric will be equal to, or approach ,
the numbers 1listed in Table 3-1. However, it should be
remembered that to obtain these values of Pr in practice, we
must apply a total switching voltage which significantly
exceeds Er. Thus, it is important that the value of the
switching voltage needed for saturation also should be low.
In materials with high values of Pg, such as LiNb0O3 (71
HC/cm2) and BTO ( 50 uC/cm?), partial switching of the
polarization probably is adequate for operation of the
FEMFET. In the case of the hysteresis 1loop, this would
correspond to a minor loop condition ( see e.g. the family of
loops shown for BMF films in the Interim Report!. The numbers
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quoted in Table 3-1" for several cases clearly correspond to
partial switching situations. In Figure 3-¢ we illustrate a
plot of remanent polarization (after switching) vs. switching
field, Esw, for a recent BTO film deposited (by pulsed laser
deposition; see Appendix D) on a platinum-coatedt substyate.
Although the highest value of Pr recorded fox this raadomly
oriented film structure was about 25 uC/cm2, the lowest
value, corresponding to a switching field of 225 kvV/cm ( and
Ec = 43 kV/cm ) was about 2.5 uC/cm2. This number is still
somewhat higher than that required to operate the FEMFET

. device (see Section 3.6.4). However, the switching field of

225 kV/cm would correspond to a required gate address voltage
of about + 70 v , if buffer and capping layers of the type
assumed for Table 3-1 were to be employed. In view of this
analysis it is surprising that’ our MIS measurements with BTO
have yielded significant CV memory windows with address
voltages of + 20V. We can only conclude that sufficient
switching of the low coercive-field c-axis component of the
polarization may be occurring at much lower applied field

values.

From the analysis just given for BTO gate dielectrics it is
clearly desirable to develop processing approaches, both for
BTO and for the other ferroelectrics listed in Table 3-1, to
increase the field in the ferroelectric film component and/or
to decrease the switching fields needed to reverse the
polarization. One approach to increase the field in the
ferroelectric, would be to replace the silicon oxide/nitride
buffer and cap component layers with high-permittivity layers
(such as amorphous ferroelectric films). Unfortunately, most
of the candidate materials are known to exhibit markedly
inferior properties in relation to current leakage and
breakdown strength. Lowering the switching field, and/or
changing to another ferroelectric such as LiNbO3, which in c¢-
axis oriented films seems to show unusually low values of
coercive field (cf. Table 3-1 ) would appear to be the main
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option available to us. However, c-axis films of LiNbO3 are
only achieved on (111)8i, which is not used in standard CMOS
processing. It is weli known that some ferroelectric films,
such as PbTiO3, P2ZT, PLT and BTO, can exhibit significantly
lower coercive fields in epitaxial structures, as summarized
in Reference 27. However, tc incorporate this concept in the
FEMFET device we would need to employ epitaxial buffer layers
such as YSZ, MgO or MgAlz04, which would also have to
function as effective tunneling barriers. Preliminary
experiments with high dielectric constant and epitaxial
buffer layers and alternate oxide ferroelectric materials
were attempted late in this program. No success has yet been
achieved with the alternate buffer approach. MIS structures
with lead germanate (PGO) gave the largest memory windows ‘but
retention was poor. Large memory windows and good retention
were achieved with PZT used in FEMFET gate stacks (see
section 3.6.4 for details of these results).

3.4.3 Retention Properties and Device Optimization

At the start of this effort on MIS BTO structures it was
shown that, although greatly superior to that of BMF
structures, retention properties with BTO in general still
fell far short of the program goals. In the latest work near
the end of the program, two aspects were targeted in an
effort to improve retention. The first of these involved an
effort to reduce mobile charge migration in the BTO layers
through the La and Nb doping approaches referred to above.
Although this approach has not yet been optimized, it has
already led to marked improvements in retention!?. The second
approach involved a change in the process used for
fabricating the capping layer, from LPCVD to rf magnetron
sputtering. It had been suspected for some time that the
release of atomic hydrogen in the silane-based LPCVD process
might be causing deleterious chemical reduction of the BTO
film surface. These changes have resulted in startling
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Figure 3-8: Scaled Pulsed Laser Deposition(PLD)

Deposition Chamber Showing Capability to
Coat 4-Inch CMOS Wafers.

49



inges

bie Interference Fri

isi

4-Inch Silicon Wafer with V

3-9

iqure

-
"

Displaying Coating Thickness Uniformity.



"I9JeM UODTTIS Youi-p e uo

°2173J01d AJTWIOJTUN SSOUNOTYL WTTd UTYL OTI309[301194 [eoi1dAl, 01-¢ 2anbtg

(wo) aouelsiqg jeipey
9 S 14 € rA b 0 b- ¢- €- ¢v- §- 9-

T T T Ty 7r——7r—r—7 vo
Bvwelq & @ %be-
i {50
e
i )
{90 &
o ad
i .—Qﬁ@&ﬂmo -.m-N @ %L~ 1 M-
{10 @
i . -]
o 3
uo band
ﬁ 19j0WeIq .z © %E- 1° =
ﬁ . =3
. 9 @
{160 ¢
i 7))
|
- 1>
L (9-v-0L8)v0-N-OW4 L

51




the uniformity was -3%, -7%, and -24% over 2-, 2.5-, and 3-
inch diameter areas, respectively. The drop in thickness at
approximately 3-inch diameter 1is consistent with the
observation of the interference fringe observed in Figure 3-
8. Further improvement of uniformity could have been
achieved, at considerable expense, by automatically scanning
the laser beam over the target surféce, but was determined
not to be necessary for the present program. See section
3.6.3 below for good results of electrical measurements (CV
memory windows) of BTO gate stacks, suitable for FEMFET
devices, fabricated on a 4-inch wafer; where the BTO layer
was deposited using the above large-area PLD apparatus.

Typical PLD deposition parameters used to deposit oxide-
ferroelctric films on 4-inch wafers were laser energy density
of 1-2 J/cm2, pulse repitition rate of 10-30 Hz, and partial
02 pressure of 200mTorr. Most of the films were deposited
using a one-step temperature process involving depsoition at
450-550C to ac¢hieve crystallization as-deposited, without the
need for a post-deposition oven anneal. Some films were
prepared using two-step temperature processes involving
deposition of an amorphous film at low température (25-350C)
followed by a rapid thermal anneal (RTA) at.high temperature
(600-750C) for a few seconds. Appendix A lists details of
the PLD deposition parameters for oxide-ferrcelectric films
deposited on 4-inch wafers used for various device processing
evaluations (see section ) and electical testing (see

resul;s in section 3.6.4).

3.6 Electrical Testing

3.6.1 Generic Ferroelectric Memory Gate Structure

The conductor (metal)-insulator;semiconductor (MIS) device is

an extremely useful tool for the development. of semiconductor
integrated circuits. Since the reliability and stability of
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all semiconductor devices are intimately related to their
surface conditions, an understanding of the surface physics
with the help of MIS devices is very important during device
development. The MIS structure of Figure 3-11 has d as the
thickness of the insulator and V as the applied voltage of
the conductive plate. In this discussion we use the
convention that the voltage V is positive when the conductive

plate is positively biased relative to the semiconductor body

via the ohmic contact, and conversely. The total capacitance
C of the series combination of the insulator capacitance Cj

(=€i/d) and the semiconductor depletion-layer capacitance Cp

is:
C = Ci-Cp (3-6)
Ci + Cop
For a given insulator thickness 4, the value of C; , is

constant and corresponds to the maximum capacitance of the

series combination.

Figure 3-12 illustrates typical CV behavior in N-channel
devices with a p-type body. Whére the gate is negative
relative to the p-type body, there is an accumulation of
holes and a high differential capacitance for the
semiconductor. As the negative voltage 1is reduced
sufficiently, a depletion region that acts as a dielectric in
series with the insulator is formed near the semiconductor
surface, and the total capacitance decreases. - For cases
where the mobile électrons are able to follow an applied ac
signal, the combined series capacitance goes through a
minimum and then increases again as the inversion layer of
electrons forms at the surface. Note that this increase of
capacitance only happens at very low frequencies where the
recombination-generation rates of minority <carriers
(electrons, in our example) can keep up with the small ac
signal in step with the measurement signal. Consequently,
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for higher frequencies, MIS curves do not show the increase
of capacitance as the gate voltage goes positive relative to
the p-body, as in curve (b) of Figure 3-12. For the deep
depletion condition, usually assoclated with pulse operation
as in a CCD, curve (c) of Figure 3-12 shows an even further
reduction of capacitance due to a greater depletion depth.

various mechanisms operate to provide the equivalent of a
sheet of charge in the vicinity of the silicon-dielectric
interface. Figure 3-13 (Figure 3-2 repeated for convenience
of the reader) shows the shift along the voltage axis of a
high-frequency C-V curve when positive or negative charge Qg

is present at the interface, measured relative to an ideal C-
V curve where Qf = 0. A positive Qf causes the C-V curve to
shift toward more negative gate bias values for both n- and
p-type transistor bodies. -1 conversely. Identifying the
charge Qf with the effective reversible surface charge of a
poirarized thin film <f ferroelectric material, Figure 3-13
directly suggests the programming method for a iefroglectric
memory EET (FEMFET); illustrated schematically, in FigufeAB-
14 with emphasis on the ferroelectric spontaneous
polariiation (Pg). When the gate (conductive plate of Figure
3-11) -is positive relative to the transistor body, the
reversible ferroelectric spontaneous polarization switches
orientation so that the negative electric dipole changes are
adjacent to the positive gate forcing the positive electric
dipole charges to be at the silicon interface, and
conversely. Switching the ferroelectric dipoles in the gate
region. of the FEMFET is equivalent to super-imposing the
right and left curves of Figure 3-13, and is shown at the top
in Figure 3-15.

Early investigation of the FEMFET used the test cross section
shown in Figure 3-15 to evaluate the behavior of highly-
oriented ferroelectric films on silicon for wuse in
nondestructive reado.t (NDRO) nonvolatile memories. In the
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upper right corner of Figure 3-15:typical results are shown
of an unstressed BMF ferroelectric film without any annealing
or other processing after film growth. It incorporates many
features of the C-V curves of the preceding description. The
most prominent attribute is the 10.8V threshold shift
(generally called the "memory window") in response to the
+10V programming. The C-V hystereéis loop was scanned at the
rate of 75mV/s at room temperature, with its clockwise trace
indicated by arrows. The (-10V) bias polarizes the
ferroelectric film with negative sheet charge near the
silicon, turning "off" the associated N-channel MISFET, and
conversely. Combining the 10.8V threshold shift with the
(maximumj dielectric capacitauce and the area of the memory
capillary givés a charge change of about 1012 electrons per
square centimeter. Although that charge density of about
0.16 uC per cm?2 is much smaller than typical ferroelectric
spontaneous polarization values, the net effect on the FEMFET
is more than adequate for fast-read (50 nsec) nonvolatile
memories. Also, note that the 10.8V memory window results
from the application of 10V programming bias. The 10V
programming shown in Figure 3-15 derives mainly from the film
thickness exceeding 400 mm for an appréxima;e programming
field around 250 KV/cm. The FEMFET structure, however, is
quite amenable to scaling. That is, a thinner ferroelectric
film should allow reducing the programming bias to lower
values, e.g. 5 V for ferroelectric films around 200 mm or
less in thickness. Because of the scan rate of 75mv/s, all
of the above results are representative of saturated rather
than partial programming that might occur in the case of
programming pulses of shorter duration and/or lower fields.

3.6.1.1 Novel Testing Approach for Predicting Data
Retention in Nonvolatile Memory Transistors

In Figure 3-15, there are two types of hysteresis curves: at
the top right in the figure is the the C-V hysteresis loop
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(characteristic of semiconductor nonvolatile NDRO memory) and
at the bottom right is the field-polarization hysteresis plot
(0f the Sawyer-Tower kind). Notice that the C-V hysteresis
curve goes through two minima: first as the gate voltage
sweeps from negative to positive, increasing again as the
inversion layer of electrons forms at the surface, then also

with the opposite sweep applied to the gate. For the

traditional C-V dot structure, the increase in capacitance in
both directions from the minimum occurs only at very low
frequencies or other conditions where the generation rate of
minority carriers (electrons, in our case) can keep up with
the small signal variation and lead to charge exchange with
the inversion layer in step with the capacitance measurement
signal. Another way of providing adequate minority carriers
for that interaction with the inversion 1layer is to
incorporate a grid 5f the opposite type of doping (cf. Figure
3-15). Such a grid is essentially the same as the regular
"source-drain" doping used for the associated FETs. This
gridded wafer configuration for testing nonvolatile memory
gate stacks by means of C-V dots provides significant
advantages over unpatterned wafers for that application.
Figure 3-16 1illustrates a typiéal hysteresis curve using
gridded wafers with an earlier bismuth titanate (BTO)
ferroelectric memory gate stack. Notice that the minimum
during the forward sweep from +10V to -10V occurs at about
-3V, while that for the reverse sweep occurs just below +3V
for an approximate memory (threshold) window of almost 6V.
Typically this memory window collapses (loss of retention) at
a very slow rate (about 0.25V to 0.33V per decade of time for
a l0V-programming SONOS EEPROM hemory gate stack at room
temperature). That is, the deplétion threshold moves toward
the enhancement state and the enhancement threshold moves
toward the depletion state with some characteristic closure

rate. This is illustrated in Figure 3-16 with the arrows
labelled "Probable Vyp Shifts". The associated memory stack

capacitance, Cg: shifts are likewise indicated in the figure
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with the labels "Probable Cg Shifts™.

In a traditional NDRO nonvolatile memory chip, the memory
stacks (where the data are stored) experience NQ externally
applied or internally generated voltage bias during the long
periods of time when data are not being written into or read
from the storage locaticns. Consequently, any retention test
should use the same bias conditions during the waiting times
between programming and readout. That is, the overlying
conductive gate is DC biased to the same potential as the
underlying semiconductor during those waiting times.
Applying this boundary condition requirement to the case of
. C-v dots to predict retention means that the C-v_dot
Indeed, this is the action indicated in Figure 3-16 by the
instructional label "record Zero-Bias Cqg versus time".

3.6.1.2 Conversion From Cg to Apparent Gate Voltage
Shift and Thence to Inputed Flatband Shift

The data recorded in the manner indicated in Figure 3-16 are
simply time histories of the capacitance of the C-V dots for
the two oppositely programmed states of the memory stack at
the temperature at which the device was held during the time
of the tests. We further assume that the time required to
record the hysteresis curve was extremely short compared to
the duration of the C-V time histories; so that any recorded
threshold drift caused by the measurement represents a truly
negligible perturbation on the hysteresis curve.
Consequently, the hysteresis curve can be used to transform
the timed sequence of zero-bias capacitance values into a
timed sequence of "apparent gate voltages", or equivalently
a history of'apparent gate voltage shifts as a function of
time, as implied in Fiqure 3-17. 1In reality, of course, the
bias across the capacitor has remained steady at zero volts.
As illustrated in Figure 3-18, a "historical ‘record of
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apparent gate voltaqé shifts" is détually the measurement of
the effects of mobile charge within the memory stack
structure. Notice that the ferroelectric polarization
direction has been programmed UP by applying a negative bias
to the overlying conductive gate. This results in a POSITIVE
charge sheet near the top of the ferroelectric layer and a
NEGATIVE charge sheet near the bottom of the ferroelectric
layer. Often, mobile charges include more than one species;
but an important one in many oxide-type ferroelectrics is the
cxygen vacancy, which behaves like a positive mobile ion.
The resultant internal electric field tends to move these
positive mobile ions toward the semiconductor, as indicated
with the smaller arrows. As more and more such positive
mobile ions migrate and come to stay near the surface close
to the semiconductor, they compensate the negative sheet of
charge associated with the ferroelectric polarization
direction. Compensation of some of the charges in that
negative charge sheet nearest the semiconductor by the
positive mobile ions tends to shift the threshold voltage
negatively from enhancement toward depletion for an N-channel
MISFET. '

Next, Figure 3-19 illustrates calculating the imputed
flatband voltage (versus time) by subtracting the apparent
gate voltage shift from the initial flatband voltage. This
step is a simple subtraction and gives two numerical
sequences as functions of time: one describing the imputed
flatband after positive programming and the second describing
the imputed flatband after negative programming. Plotting
both on a logarithmic time scale immediately reveals the rate
at which the memory window (the difference between the two
lines) is decaying. A typical result from the above process
is illustrated in Figure 3-20. These early results for a
bismuth titanate (BTO) memory stack imply that a FEMFET with
that characteristic could not be read to discriminate the
memory state originally prcgrammed after about 1,000 minutes,

66



Caut,
. JO uoT3dUNng e se abelTOA pueg-jeld paindu] 3yl buijefnojed 161-¢ @inbiy

69 (+1) esseaey - — 69 (-7¢) premiog —
abeyop Apog oy ageo

o S (Y s TER—

0 —= +— to 3

b~ b | 3

| 7 \ i -)

0z = L * 1 o
H _ _ 3 >
H \ _ @ ©

o I 90 &

b { I 4

S | —, | 8

i1 | I

- 0 90 o

. I . | 5

| o

. W1ys 233704 2105 Ju2.wddy) | -yl

- (hJpuvgsny.1 Joyrup) 1 2

<= (2u}] “sa) puoqiryg pandug ¢ T B

‘g

(zesunpiileg-y'ei0az-v0.19' JONWL:9|dwes
(v WYL)SISTHILSAH 10G-AD Oo1gpadded-017




" (opeosq auiL/A 8v 1)
Aeoaq 30@:«! Axowaw 3seq butrkyduy yoels ajeo OLd pai9ajing

Alxe3g ue 103 1j11Q PTOYSaIYy] paindu] juejrusay odwexy :0Z-¢ 2anbig

Buunibag A 0L- -a- Buuubig A oL+ -=-

("uiy) BunuwresBoay Jayy auny

] mopuip Arowopy uanE_ L& wILl.L?. B 1105 b ol o B
ML
B

_._-_-_--_.-J-.--‘._:._._.,.J--a--.n.---. Trrt w _. H --_. THITTI1C

e.ccc._. c.ccv cd_. 0i 10
................................. &3
........ ©
[ =4
L &
[« %
. -3 3
----E:: ﬁ u E: H-E-------E:_ F m 3
Jﬂj,knn :::-E , 11 R S R
. AT - R _E.:....f.._ ..... o
- ” oot (AL o B B s b =
jJ [ o I ol e Eele A
H| @pedsgawil/AgyL #urmn_mm.w.w:ﬂ:._ ..... &
<

™

§§2:mm-v.eoou«.vo_.mc.ozzu_a_asaw
(OgZ-wibid AOL-/+14ayIN/DI00 IV VYL




T

PRARTR) .

because the two states had essentidlly drifted to within less ~ ~ ..‘l@
than 0.1 volt of each other. '

3.6.1.3 validation Using 2ONUGS FEPROM E~oduct

To determine wheﬁhér the above method of imputing memory
window decay is
reference must b% ne \sured by the abave ‘echnique. The

al.d or not, a known and well-documented

technique then cdn'jb; assumed valid if the results and
conclusions from the\hew technique agree with the memory
retention results obtained using EEPROM industry standard

test techniques. Westinghouse ATD, Raltimore, MD
manufactures SONOS EEPROMs for various United States
government users. These are thoroughly tested by Sandia

National Laboratories, wunder a variety of stringent
conditions involving elevated ambient temperatures and high-
energy irradiation. The technique described above was
‘applied to a memory stack capacitor fabricated over a "N-"
tub characteristic of a P channel SONOS FET. The results are
given in Figure 3-21. The negative threshold state
corresponds to the "CLEAR" state in the usual N-SONO35 EEPROM,
while‘the pcsitive threshold state corresponds to the "WRITE"
state in the usual N-SONOS EEPROM. Notice that the drift of
the "CLEAR" state was imputed to be 1ll4mV/decade of time,
while the drift of the "WRITE" state was imputed to be
252mV/decade of time.

Because of the very slow scanning of the CV instrument, the
resultant programming of the memory stack and the imputed
drift must be associated with "saturated" programming, in
contr&st to the faster programming used when the EEPROMs are
built into fieldable equipments. The latter scheme uses 10V
for 7.5 msec. for "clearing" and 2.5 msec for "writing".
When these pulses are used for testing transistors identical

to those in the core of the EEPROM memory array for times out
to 100 seconds, the retention measurements by Sandia National
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Laboratories gave a hemory window of 1.74 V. £ 0.123 V., with
a decay rate of 120 mV/decade of time t 28 mV/decade of time.
The threshold voltages for the time dependent memory window
decay are the gate-to-source voltages needed to give a drain-
to-source current of 10puA. Substantial previous experience
on similar devices show that decay rates from saturated
programring invariably exceed those arising from the above
programming pulses described in the product data sheets.
These observations support the hypothesis that saturated
programming gives more charge in shallow traps. Such more
weakly bonded charge can be more easily effected; thus
resulting in a faster threshold drift when compared to the

case of the pulsed programming. The 335 mV/time decade total
memory window decay rate shown in Figure 3-21 for saturated
programming is certainly consistent with the experimental
data and the above hypothesis, too. Indeed, measurements on
the same SONOS EEPROM wafer but involving a slightly
different memory-FET gate configuration gave a decay rate of
nearly 350 mV/time decade (as measured in one laboratory
using a semiconductor parameter analyzer, yet only 120 to 140
mV/time decade when measured in another 1laboratory using
dedicated SONOS ;EPROM test equipment).

In conclusion, the test results described qbove strongly
suggest that retention predictions based on the new CV
hysteresis drift technique are indicative of actual device
retention measurements using traditional well-documented
schemes. Consequently, NDRO NVM retention predictions based
on the new CV hysteresis drift technique can be used for
statistical process control during ongoing manufacturing as
well as for preliminary development of new NVM gate stacks or

for modifying existing NVM gate stacks.
3.6.2 Application to Egrroelectric Memory FETs (FEMFETs)

The above novel technique for predicting data retention in
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nonvolatile memory: transistors,; using memory gate-stack
Cv-dot hysteresis, was developed after recording some early
FEMFET retention data for a BMF FEMFET, illustrated in Figure
3-22. Notice that in less than 100 minutes the memory window
has decayed to values which would be impractical to use in an
actual memory chip. parallel related evidence, shown in
Figure 3-23, further confirms a memory retention problem for
the BMF-FEMFET gate stack. Based on considerable experience
with SONOS, such a rapid memory window decay was not
anticipated. In order to correct the problem indicated in
Figures 3-22 and 3-23, immediate action was taken in two
directions: 1) Identify the cause of the problem; 2) Devise
alternatives to work around the problem.

The first and simplest test to help pinpoint the cause of the
problem is the experimental measurement of the spontaneous
ferroelectric polarization as a function of time, independent
of other mechanisms that can affect the memory gate stack.
This 1is most expediently done by the specialized
ferroelectric measurement instrument, the "RT66A" by Radiant
Technology, Inc. . The RT66A can measure ferroelectric
capacitors using pulses in much the same way that DRAMs
measure data stored on their internal core capacitors. The
charge needed to "reset" the spontaneous ferroelectric
polarization to a known direction by means of a known pulse
is recorded. A small charge value means the ambient
spontaneous ferroelectric polarization vector 1is nearly
aligned with the "reset" vector. A large charge value means
the ambient spontaneous ferroelectric polarization vector is
nearly aligned oppésite to the "reset" vector. Since the
realignment pulse duration is on the order of microseconds,
only the reorientation of the spontaneous ferroelectric
polarization vector occurs in that time period. Such
mechanisms as "charge tunnelling and trapping" or "mobile
charge migration” all take much longer times and often need
the assistance of very large applied electric fields and/or
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elevated temperatufes. Results shown in Figure 3-24 were
obtained from such a measurement taken on a BMF fjilm.
Indeed, the data of Figure 3-24 seem very noisy and are of
little value for conclusively identifying the cause of the CV
memory window drift. These poor results are probably due to
the small polarization achieved for a BMF film on silicon
(see the Interim report‘) under the test conditions, which is
beyond the measurement accuracy of the RT66A test equipment.

Meanwhile, alternatives to work around the problem were
initiated. The main thrust of the alternatives was to
investigate the use of oxide ferroelectrics (starting with
bismuth titanate) in lieu of the fluoride ferroelectric BMF.

3.6.3 Initial Oxide-Type Ferroelectric Memory Gate Stack
Development '

As discussed earlier in this report, ferroelectric memory
gate stack structures containing SiO2 buffer layers between
the ferrcelectric and the semiconductor, are gapable of
exhibiting more than one type of switching behavior depending
on their mode of operation. Thus, as originally demonstrated
by Sugibuchi et al?, tunnel-injection (SONOS) type switching
which is confined to low gate operation frequencies can
conQert to ferroelectric switching at significantly higher
frequencies. Similarly, our IRAD studies on such buffered
devices revealed a strong dependence of CV hysteresis

behavior on the magnitude of the programming voltage.

Figure 3-25 shows typical CV data for an early gate stack
structure in which the thickness of the S$i02 buffer layer was
100A, while that of the BTO layer was 5000A. An approximate
estimate, based on the bulk values of permittivity for these
oxides, suggests that the buffer and ferroelectric layers
would have roughly equal capacitances, and that any a.c.
voltage applied to the gate would therefore divide equally
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between the two laye;s. Figures 3-25 through 3-27 demonstrate
that as the gate programming.voltagé is increased from 5V to
15v, the mode of switching first is dominated by
ferroelectric polarization reversal in the ferroelectric, and
later by SONOS-type tunnel-injection of charge through the
buffer layer. Thus with increasing voltage, the CV memory
window decreases from a value of about 0.9V (mainly of
ferroelectric origin at 5V programming in Figure 3-25),
through approximately zero (when the charge from the two
mechanisms compensates in Figure 3-26), to about 0.3V (Figure
3-27) when the SONOS mechanism dominates. Note the reversal
of the CV sweep directions indicated by arrows in the figures
which is consistent with this interpretation.

The observation of ferroelectric switching at low voltages
(corresionding to a field of about 50 kVv/cm in the BTO
layer), can probably be attributed to the presence of a small
amount of low-coercivity, c-oriented component in the BTO
film. At a 5V address voltage (corresponding to a field of
about 106 v/cm in the Si02) less charge is generated by SONOS-
type tunnel-injection, and polarization charge dominates. At
higher voltages, the polarization of the small amount of low-
coercivity BTO material is probably already saturated, and
its charge contribution does not further increase. However,
the SONOS charge contribution does increase with higher
tunneling field, and now dominates the CV hysteresis

behavior.

These results are highly significant, in that they illustrate
the feasibility of obtaining ferroelectric memory switching
at low power levels required for oxide-type transistor
arrays. If the quantity of low-coercivity, c-oriented BTO
component could be further enhanced by suitably modified film
processing, such films would offer exciting advantages for
low-power, high-speed memory systems. In view of the
retention problem encountered with BMF in the first phase of
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the program, these fesults (along with the growing evidence
that doped ferroelectric oxides may possess properties far
superior to those thus far obtained with BMF) provided
motivation to further consider oxide-type ferroelectrics in a
buffered-type gate structure in our search for a stable
FEMFET device in the present program.

As was mentioned above, the early buffered ferroelectric gate
stack memory results above were obtained prior to the start
of the present program cn a Westinghouse IRAD effort and have
been reproted elsewhere?,. The BT0O films used in these
devices were prepared using our PLD apparatuvs in existance
prior to starting the present program, capable of coating
small wafer pieces, and BTO deposition conditions already
established3?, In section 3.5 akuve we described
modifications under the present program to our PLD apparatus
to allow coating 4-inch wafers compatible with our existing
one micron CMOS VLSIC fabrication. The next step 1in
gqualifving the scaled PLD process for wafer scale FEMFET
device fabrication was to examine the uniformity of CV memory
windows obt:ined for buffered ferroelectric oxide gate stacks
fabricated across a 4-inch wafer. Figure 3-28 shows the good
resiults obtained. At the right in the figure is a schetch of
a wafer and map of the array of memory gate stacks (Al top
electrodes) tested. In this case the wafer was stationary
(no rotation) and solid curved lines on the wafer sketch
indicate interference fringes due to thickness variation
across the wafer. Memory windows measured for each dot
indicated on the map were determined from CV measurements and
plotred in the bar graph in the figure. A reasonably uniform
2V memorv window across the wafer was obtained for 5V
programming, which was determined to be acceptable for use in
devirce fabrications required for the program.

3.6.4 Oxide Ferrolectric Memory Gate Stack
Continuving Developmencs
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Before discussing our approach to reducing or eliminating
mobile charge drift effects, it is useful to consider how the
data obtained from the CV hysteresis drift (retention loss)
technique may be influenced by the mechanisms of charge
generation and migration. First, consider the ideal situation
where the charge modulated during ferroelectric switching is
sufficient to cycle the semiconductor surface between states
of complete accumulation ('0') and deep depletion ('1l'").
Further, assume that there is no mobile ion drift, but that
retention loss occurs only through reductions in stored
polarization (Pr). If the ferroelectric hysteresis is
symmetrical, i.e. not distorted by depolarization or stress-
induced piezoelectric field effects, then the threshold
values ('0' and 'l' states) in the CV hysteresis plots should
converge symmetrically with time, with equal or opposite
slopes. Next, suppose that no decay in Pr occurs, but that
retention loss is due solely to positive mobile ion effects
(cf. Figure 3-18). In this case, only the positive threshold
voltage (corresponding to enhancement for an N-channel
MISFET) 1s affected, and is driven negatively towards
depleticn. The negative threshold voltage should be
unaffected. This type of behaviour 1is in fact observed in
most of the CV drift data obrtained for BTO devices, and
appears to confirm our mobile ion hypothesis. Deviations from
this behavior may probably be explained on the basis that
polarization decay may also occur in some cases, or that the

initial programming state was not fully saturated.

Because of our experience with the BMF FEMFETs, we started
using the CV hysteresis drift analysis tecﬁnique (developed
on this contract) to’'predict and monitor memory retention as
soon as the method had been validated. Indeed, the memory
threshoid drift shown in Figure 3-20 is truly the earliest
result for one of our initial BTO FEMFET gate stacks. The
data clearly suggest that particular gate stack was not

likely to achieve a retention of 10,000 minutes.
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Furthermore, the hypothesis pictured in Fiqure 3-18, where
the mobile charges are likely to be oxygen vacancies, surely
obtains for the case of oxide ferroelectrics in the FEMFETs.
Indeed, upon seeing the evidence of mobile charge as
presented in Figure 3-20, a search for reducing or
eliminating that mobile charge problem in oxide based
ferroelectrics was initiated.

The first steps involved reviewing our previous considerable
ferroelectric experience as well as discussions with our
consultants, including Drs. Francombe, Krupanidhi, and Don
Smyth (of Lehigh). The overwhelming consensus involved a
multi-pronged approach: The first approach was to focus on
reducing the number of oxygen vacancies by eliminating any
"reducing environment" exposure of the ferroelectric film
itself. _ An example of that is the following: In the
previous section we showed how a suitably chosen sandwich of
silicon oxide plus silicon nitride between the silicon and
the oxide-type ferroelectric is needed to eliminate the
"tunnelling-trapping" mechanism which opposes the FET
threshold settings by the ferroelectric polarization. The
silicon nitride layer, however, incorporates large quantities
of hydrogen ions, potentially capable of reducing part of the
ferroelectrib in intimate contactact with that silicon
nitride layer. For this situation, the corrective action
consisted of thoroughly oxidizing the silicon nitride layer
before depositing the ferrocelectric upon it. Other steps
were taken to reduce the numbers of oxygen vacancies, such as-

annealing the ferroelectric films in oxygen atmospheres.

The second main approach for eliminating mobile charges was
the use of specific dopings in the ferroelectric materials
themselves. Two candidate dopants were lanthanum and
niobium, based on their wel)l documented behavior of
holding/entrapping oxygen ions in the crystal lattice.20-23
The third main approach for eliminating mobile charges was



the use of other oxide ferroelectrics which may be less
susceptible to incorporating mobile charges. Some examples
of materials other than BTO that were tried included PZT and
lead germanate. The results of these various experiments are
now presented. Eliminating any "reducing environment'
exposure of the ferroelectric film itself became the standard
routine. '

Laithanum-doped bismuth titanate (LBTO) was first to be
triad. Some of the early favorable results are shown in
mijure 3-29, where the lanthanum doping reduces mobile charge
effects significantly. From the figure one can see that an
initial memory window of 1.25V decays quickly in 20 minutes
and then the memory window decays slowly at a.rate of 25 mv/
time decade. With niobium-doped BTO (NBTO) a large initial
memory CV window was achieved; however, the decay rate
{Figure 3-30) of 349 mV / time decade was faster than for
LBTO

Meanwhile, efforts were made to discriminate between the
effects of the mobile charges and the decay of the
ferroelectric spontaneous polarization, Pg. This 1is
illustrated in the combination of Figures 3-31 and 3-32.
These two figures show the decay of the memory window from
two different points of view: That of Figure 3-31 represents
the FEMFET, and shows the total window decay as the
combination of both the ferroelectric remanent polarization,
Pr, and the mobile charge. That of Figure 3-32 represents

the ferroelectric capacitor, and shows only the window decay
arising from the ferroelectric remanent polarization, Py,
relaxation but not the much slower motion of the mobile
charge. The latter was explained in section 3.6.2 1in
conne<tion with Figure 3-24. The same Nb-doped BTO (NBTO)
film measured both ways gave results of 146mV/time decade for
ta ferrnelectric remanent polarization, Pg, as measured by

tne RT6-A "for capacitors only", with microsecond type
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-

switching times, but 590mV/time decade when the effects of
mobile charge were included. Indeed, the results of Figure
3-32 show a retention time >> ten years for the capacitor, if
the sense amp has a detection limit of 0.1lVolt or 4.7nC/cm2.
Thus, even a partial elimination of mobile charges to reduce
the decay rate to the neighborhood of 250mV/time decade would
yield a reliable memory prcduct wusable for numerous

applications.

In parallel with the above experiments, investigations of
other ferroelectric materials were going on. Figure 3-33
shows the decay rate for an early undoped lead zirconate
titanate (PZT) FEMFET gate stack suggesting good retention
and considerable promise for subsequent development.

Switching speed was expected to be depepdent on the dopant as
well as other fabrication parameters based on both our
previous experience and advice from consultants. Dr. S. B.
Krupanidhi, at Penn State, madé numerous switching speed
measurements on many samples of memory stacks fabricated on
this program. Figure 3-34 1illustrates typical switching
speed measurements as recorded on a BMF memory stack. Dr. S.
B. Krupanidhi's measurements on representative samples of ‘the
oxide ferroelectric memory stacks, given in Figure 3-3%, show
the incorporation of either lanthanum or niobium has the
effect of increasing the switching time over the undoped
bismuth titanate, while undoped PZT has the fastest switching

speed.
3.7 8K FERRAM Test Vehicle

An 8K FERRAM Test Vehicle was created for evaluation of
FEMFET baseline process integrity. This test vehicle was
created by modifying an existing 4 um test vehicle from a
Westinghouse/Sandia National Laboratories 8K EEPROM prograin.
This program employed a SONOS (S8ilicon QOxide HNitride Qxide
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Semiconductor) nonvolatile memory transistor approach. The
Westinghouse FEMFET baseline process was designed to be
compatible with this SONOS technology.

A detailed description of the 8K FERRAM Test Vehicle is
included in Appendix C. Included in this description are:

- Mask design rules

- FEMFET cross section

- Mask polarity information

- Mask alignment segquence/tolerances
- wWwafer map

- Test structure description/probe pad information
- Plots of test structures

1X projection print photolithography was used for the FEMFET
process. This allowed multiple devices to be placed on each
FEMFET wafer. The 8K FERRAM Test Vehicle maskset was
comprised of the following devices:

- 8K FERRAM EEPROM 62
- WEC Process Test Pattern . : 56
- SNL Process Test Pattern 56
- SNL Self Stress Test Pattern Q6
Total die = 180

This masksetlfeatured a full complement of test structures
for evaluation of the process integrity of the FEMFET
process. These test structures addressed such issues as
performance, reliability, producibility, radiation hardness.
and uniformity of the baseline technology. The key test
structures were: '

- CMOS transistors of varying widths and lengths



- FEMFET transistors of varying widths and lengths
- Gated diodes

- Metal contact structures

- Sheet resistivity test structures

- Field parasitic MOSFETs

- Area capacitors

- SCR test structures

The 8K FERRAM was designed using a four transistor memory
cell. Each memory cell has two FEMFET memory transistors and
two NMOS access transistors. The dual memory transistor
approach results in a much more robust design and' is commonly
used in military nonvolatile memory applications.
Differential sense amplifiers are used which can detect
differences in memory transistor threshold voltages as small
as 50 mV. Figure 3-36 shows a diagram of the FERRAM memory
cell. This cell has dimensions of 40 um x 60 um. Design
rules were selected to maximize the producibility of the
FEMFET. The general approach selected was to make design
rules as conservative as possible to allow for flexibility in
proéessing. This approach allowed a wider tolerance for wet
versus dry chemistry processing. The resulting memory cell
could then be used as a demonstration vehicle for a wide
range of ferroelectric materials. The plan for this program
was to demonstrate a FEMFET process suitable for military
nonvolatile memory applications. Upon successful completion
of this task, design rules would be evolved to allow for high
density memories in the future.

Based on a detailed process review, the following changes to
the original 4 um memory cell were instituted which should
result in significant improvements in producibility and
memory transistor drain breaxdown. These changes were:

»




NMOS
Access Transistor

FEMFET

Ferroelectric
Removal

[ S et

Figure 3-36:

8K FERRAM Memory Cell.
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3.7.1

done. By overlapping the ferroelectric memory gate over

the ferroelectric stack, the ferroelectric should be
ccmpletely shielded from attack during the baseline Ml
etch. This should avoid some of the more complicated
approaches considered for this step. The ferroelectric
removal mask overlaps the memory window by 2.7'um (C.5"
um single misalignment tolerance, 1.0 um MW etch, 0.25
um ferroelectric stack etch, plus 0.95 um safety = 2.7
pMm) . [This was achieved by reducing the MW overlap of
N- extender from 1.7 pum to 1.0 um.] This is needed to
ensure that no bare silicon exists inside the memory
window when the memory gate is deposited. 1In order to
guarantee that memory gate (Ml) overlaps the
ferroelectric stack, a design rule of 1.9 um was
selected for M1 overlap of the stack (0 um for
ferroelectric stack etch, 1.0 um for 4 misalignment
tolerances, plus 0.9 um safety = 1.9 um). This results
in a minimum M1 spacing of 2.0 um in the memory array,
which is approved for projection printing at
Wesﬁinghouse ATL.

2. N-_extender overlaps N+ extender in all directions
to increase memory transistor drain breakdown fiom
roughly 17V to 22-24V, This should allow the FEMFETs to
be characterized at 20V. The ferroelectric memory
transistors were modified so that the N-extender
overlaps the N+ source-drain in all directions by 2.0
um. (For the Sandia 4 um design, it presently only
overlaps ‘the N+ in the channel region.) This will
eliminate breakdown problems associated with the edge of
the N+ drains. This change increases the FEMFET
effective width from 8.0 to 12.0 um. This also reduces
the N- to P+ guardband space from 8.0 to 6.0 um.

Low Risk Complementary or Differential Data Storage

Technique
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The Westinghouse two-FEMFET per bit approach, with
differential detecticn, offers a low risk design for enhanced
retention and NDRO sensitivity. The two-FEMFET cell
corresponding to a bit is shown in Figure 3-37, where the two
FEMFETs per bit are used in a complementary fashion to
achieve reliable differential writing and sensing. Included
in Figure 3-38 is a first metal strap used on the word line
to reduce delay and improve speed. After erase/write, one
element is in the depletion mode threshold state (V¢ > 0 for

a p-channel device) and the other is in tihe enhancement mode
threshold state (V¢ < 0 for a p-channel device).

The differential data storage increases the signal input to
the sense amplifier and speeds data detection. Figure 3-39
illustrates the differential or complementary NDRO sensing
scheme. Typically the nodes used for writing data (BLw and

BLw) are used as current sources during the read operation.-
Only that row in the central memory array activated by the
selected word line (WL) can be conductive. Thus, during the
read operation, one FEMFET of a pair will be conducting while
the other 1is nonconducting by virtue of the opposite or
complementary ferroelectric polarization states within the
gate dielectric of the two FEMFETs. The complementary column
read nodes (BLr and BLr) are precharged to midway between the
power supplies so that the one conducting FEMFET pulls its
associated sense amp input column toward that power supply
attached to the sources of the FEMFETs. The sense amp shown
has cascaded stages with negative feedback to rapidly drive
the circuit into saturation. SPICE simulations including
approximate models for the memory FETs suggest read cycle
times in the range of 50 nsec to 100 nsec.

The differential data storage and sensing of the two FEMFETs

per bit assures balanced data sensing and minimizes the
effects of prompt dose photocurrents which affect both bit
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.lines equally. These cause a common mode voltage which the

differential sense amplifier ignores. The two FEMFETs
corresponding to a bit are physically adjacent in the array
for best matching so that the only difference between them
corresponds to the data stored. This scheme also contributes
to good operating margins (noise immunity, tolerance to
supply variations, etc.) in much the same way as differential
data transmission does in differential 1line drivers and
receivers. Although it is possible, in principal, to store
data using one FEMFET per bit, Westinghouse feels the
radiation hardened, high reliability applications require a

solid proven approach.
3.7.2 CMOS-Compatible Programming of the FERRAM

FEMFET programming modes are well suited to rad hard
nonvolatile memory applications and are compatible with the
l-micron CMOS process. In typical NDRO EEPROM applications,
all the memory transistors reside in a common well. This
configuration provides the best density, and easily
accommodates bulk erase/write (all Wofds), page erase/write
(a group of words), or single word erase/write. Erasure (to
an indeterminate state) is done by pulsing the well to the
appropriate voltage (0 volts for a well) while the memory
gates are held at the program voltage, Vp (+5 volts for the

p-channel case). This places all the selected memory
transistors in the same Vy state (depletion mode for a p-
channel array). During the write cycle the selected sites
are then written with the desired  data. In writing, the

selected word line is pulsed (to 0 volts for a p-channel),
the well and the bit line are at Vp (+5 volts for p-channel),

‘and the memory gate is held at ground. This shifts one of

the two FEMFETs to the opposite V¢ state (enhancement mode

for the p-channel case) while the other inhibits writing by
holding the bit line at the memory gate potential (Vgs = 0).

These erase/write modes are presented in Table 3-2.
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For writing, the selected row has MG at 0 volts, while the
unselected rows have MG at Vp . The selected column has data
applied complementary fashion to the HLw (bit line write) and
BLw (bit line write bar) nodes. All unselected columns and
one side of the selected column have the source and drain at
0 volts versus Vo for the source/drain of the other side of
the selected column. At a selected bit location, one FEMFET
structure sees the situation labeled "write inhibit."

Page erase (a group of words), single word erase, and byte
erase make use of the clear inhibit mode of the FEMFET
transistors where the clear is inhibited by holding the gate
line of uncleared words at 0 volts when the well is pulsed to
0 volts so that Vgp = 0. Cleared words will have Vgp = Vp.
Virtually all these variations have been done in the past by
Westinghouse using multiple-dielectric nonvolatile memory
FETs with modes comparable to those of Table 3-2.

3.8 Oxide FEMFET Baseline Process Description

Wafer fabrication on this phase of the program used short-
loop gridded wafers for ferroelectric capacitor fabrication
and fully processed device wafers for FEMFET fabrication.
During this program phase, which employed ferroelectric oxide
thin film matarials, 111 gridded wafers and 15 FEMFET device
wafers were fabricated. 1In addition, a reserve of device
wafers were processed up to FEMFET formation and were held
pending results from gridded wafer CV tests. Tables
summarizing the processing history of gridded and device
wafers, prepared during this phase of the program using oxide
ferroelectric thin films, are presented in Appendix A.

Gridded wafers consisted of P on P+ starting wafers with an
orthogonal grid of 6 um wide N+ diffusions at 100 um spacing.
These N+ grids provide a source of minority carriers during

electrical testing and result in more accurate evaluation of
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ferroelectric film'pfoperties. The-gridded wafers were used
as an efféctive tool for evaluating suitability of oxide
ferroelectric films deposited in a variety of ways for FEMFET
fabrication. Ferroelectric dielectrics were first deposited
on these gridded wafers for capacitance-voltage (CV)
electrical evaluation. These measurements provided a rapid
assessment of important ferrocelectric properties such as
memory window size, position, endurance and retehtion.
Typical throughput time for these wafers was about 1-2 weeks.
This allowed for rapid evaluation of various different
candidate materials used in fabrication of the gate stack
such as: different oxide ferroelectric materials and layer
thickness, different buffer layers and deposition methods and
layer thickness, post-deposition rapid thermal anneal (RTA)
or oven anneal ‘Cemperature, capping layer deposition methods
and layer thickness, top electrode materials and layer

thickness.

Upon successful completion of gridded CV tests, ferroelectric
films were selected for use on fully processed device wafers.
These device wafers were processecd with a 4 um dual well CMOS
process developed for Sandia National Laboratories for their
SONOS 8K EEPROM fabrication. The design rules for that
EEPROM formed the basis of the design rules for the 6083 8K
FERRAM test vehicle and are given in Table 3-3. The Sandia
EEPROM SONOS process was modified such that the FEMFET
transistor would replace the SCONOS memory transistor in this
design. A baseline process was selected at the beginning of

the program with the following objectives:
- minimization of high temperature operations
- processes compatible with VLSI double metal processing
- processes must not risk fab line contamination

- design rules compatible with dry or wet chemistry

The FEMFET baseline process cross section and seguential
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process steps are shown in Figure 3-40 and Table 3-4. The

ferroelectric memory transistor steps are highlighted in bold
text in the table. The key process elements for FEMFET
transistor fabrication involve:

- memory window formation
- ferroelectric deposition and etch
- memory gate deposition and etch

Figure 3-41 is a photograph of a 4-inch diameter wafer
containing the multiple test chips comprising the 8K FERRAM
test vehicle described in section 3.7 above and in Apperdix
C. The photograph was taken after the ferroelectric BTO
layer depo:iition step, using the scaled pulsed laser
deposition method (PLD) deséribed in section 3.5 above, and
before etching the ferroelectric BTO layer using the
processes described below.

FEMFET processing was incorporated as the last processing
steps prior to first metallization in order to minimize the
number of high temperature cycles to which the ferroelectric
material was exposed. The FERRAM process adds two additional
masks to a conventional CMOS process in order to define
FEMFET memory transistors. Since two additional masks are
also required to make SONOS memory devices, both technologies

require 16 masks.

A series of unit semiconductor compatible process development
experiments were conducted to optimize the processes selected
for TEMFET fabrication. A memory window process was
identified which allowed this window to be reflowed along
with the normal contact window reflow. This approach
resulted in a near ideal contour of the FEMFET memory window,
eliminating any subsequent concerns about metal step
coverage. Figure 3-42 is an SEM of the reflowed memory
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window and shows that the process provides a smooth profile

for good metal step coverage.

Both wet and dry etch processes were developed to define the
ferroelectric layer pattern. Figure 3-43 is an SEM cross-
section of a BTO FEMFET gate before top electrocde
metallization; where definition of the BTO ferroelectric
layer was accomplished using a photoresist mask and wet
chemical etch. Figure 3-44 is an SEM cross-section of an ion
milled BTO layer which was successfully patterned using a
resist mask. Figure 3-45 is an SEM cross-section of the BTO
layer of Figure 3-44 after removal of the resist mask. Note
the tapered edge achieved which improves metal step coverage.
No damage to the ferroelectric layer is apparent as a result
of the ion milling process. Ion milling offers the advantage
over wet etching of being suitable for etching many different
compound ferrocelectric oxide materials like the various
candidates considered for use in FEMFET fabrications in the
present program.

With baseline fabrication processes established, operational
FEMFET memory transistors were successfully produced with BTO
ferroelectric films. Although wet and dry etch processes
were used to fabricate FEMFET devices only those fabricated
by wet etching yielded transistors with measurable memory
windows. However, the latter was probably a consequence of
factors other than the etch process step. In the next section
the electrical measurements made on the operational devices
are discussed.

3.9 BTO FEMFET Electrical Testing
Process optimization for such parameters as oxide dielectric
buffer thickness, oxide ferroelectric film

thickness/deposition ambient, oxide dielectric capping,
ferroelectric film anneal, and metal thickness was performed
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in short-loop CV hysteresis and retention measuréments,
summarized in Appendix B, on gridded-wafer capacitors.
During the course of this phase of the program 111 gridded
wafers were processed. The tables in Appendix A summarize
the key materials, processes, and gate structure parameters
evaluated with these gridded wafers. 1In addition a total of
15 transistor device wafers were processed. ID numbers of
FEMFET device wafers fabricated in this phase of the program
using a variety of oxide feroelectric materials (BTO, Nb-
doped BTO, La-doped BTO, PZT, and Nb-doped PZT) are
(LE)7786-02,07,08,09,10 and (LE)7806-07,08,09,11 and
(LE)7869-01,02,04,06,07,09. Details of the different oxide
ferroelectric materials and key processing parameters
evaluated with these devices are summarized in the tables
listed in Appendix A, Results of electrical
characterizations of gridded wafers and FEMFET device wafers

are summarized in the tables in Appendix B.

To electrically characterize FEMFETs, it was decided that the
best approach would be to use conventional log of drain
current (IDS) versus gate voltage (VGS) I-V curves. By
plotting log of drain current, OFF state FEMFET leakage can
be seen with picoampere accuracy. The threshold voltage and
peak OM current are also easily seen on these plots. FEMFETs
were tested by performing DC gate voltage sweeps typically
with = 5, x 10, = 20, or + 40V. Typical sweep rate was
approximately 2 Volts per second. Multiple sweeps were
generally performed to assess such issues as threshold
voltage versus maximum programming voltage, thresheold voltage
repeatability, and voltage polarity effects. An HP Model
4145B Semiconductor Parameter Analyzer (SPA) was used to make

these measurements.
Early in this program phase the novel testing approach (cf.

section 3.6.1.1) for predicting data retention in nonvolatile

memory transistors from capacitance measurements at zero bias
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as a function of time using CV dots had not ‘been developed.
During this time the only way to characterize retention was
by programming processed FEMFETs. Later, significant time
and effort was saved by evaluating retention of CV dots,
rather than processed FEMFETs.

Retention characterization of oxide ferroelectric FEMFET
devices involved establishing test procedures for these
memory transistors. Procedures similar to those used for
SONOS nonvolatile memory transistors were used as a starting
point. Typically, FEMFET programming was accomplished with
gate voltages between 10 and 40 volts for 10 seconds. Then,
retention was determined by monitoring drain current (Ids)
versus time for 0 volt gate bias (VDS = 1 to 5V). This bias
replicates the bias that would be seen in an EEPROM
application and allows data to be retrieved nondestructively.
To verify validity of the FEMFET retention measurements,
Westinghouse SONOS transistors were measured using the
proposed FEMFET tests. Figure 3-46 shows the resulting SONOS
drain current data. For retention the drain current with 0V
gate bias and 5V drain bias was monitored versus time. Note
that excellent retention was observed, with minimal change in
drain current after 4000 seconds. Alsc, note that this
memory device had a 4V memory window with a 10V program
voltage. These measurements confirmed that our retention
measurement techniques were valid for memory transistors.

An example of a BTO FEMFET I-V characteristic for an early
device wafer (ID LE7786-10) is shown in Figure 3-47. Note
that when gate voltage is ramped from positive to negative
voltage, the transistor threshold tends to be pushed
negatively (toward depletion mode operation). Conversel-’,
ramping gate voltage from negative to positive voltage shifts
transistor thresholds positively (towards enhancement mode
operation). These shifts are opposite in direction to what
is observed for SONOS memory devices (see Figure 3-46) which
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operate based on charge-trapping for memory operation. The
opposite nature of these shifts confirmed that ferroelectric
operation was accomplished in this oxide ferroelectric type
FEMFET.

The retention characteristics of this oxide-type FEMFET are
shown in Figure 3-48. Note that the differential in the ON
and OFF state drain currents decays qhickly in the first 1000
seconds from the large initial differential. After 1000
seconds the decay in the drain currents is slower with a one
decade residual differential at 5000 seconds. This result is
typical of what was measured on oxide-type FEMFET devices
processed early in this program phase. The cause for the
decay was presumed to be due to mobile oxide charge in the
ferroelectric layer, which could be related to the quality of
the ferroelectric layer, the physical gate structure, or
other FEMFET processing steps. Possible processing steps
which were identified which could cause this problem are the
CVD processes used for the buffer and capping layer, which
produces hydrogen bended in the lavyers. This source of
hydrogen could reduce the ferrcelectric layer during its
deposition producing a mobile charge. These critical
processes were replaced in all subsequent FEMFET device wafer
fabrications. To examine other possible causes it was
deciﬁed to evaluate retention of CV dots using a novel
testing technique (cf section 3.6.1.1) , developed for rthis
purpose, in short-loop CV dot experiments. Thus, the focus
of the program shifted to demonstrating long memory gate
retention, which was accomplished (¢cf. section 3.6.4).
Although additional FEMFETs were processed with different
oxide ferroelectric materials and gate structures identified
in the CV dot short-loop experiments, none vielded
transistors with as good performance as for the FEMFET of
Figure 3-47. This probably was a consequence of different
processing steps used to fabricate these FEMFETs. Because of
time and funding constraints we were unable to prepare
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additional device wafers to demonstrate long transistor _—
retention using the improvements which showed long retention
in memory gate tests.
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4.0 DISCUSSION OF BTO RESULYS AND CONCLUSIONS

This phase of the program has focussed on the development of
BTO-based thin-film technology as a superior, and potentially
more stable, FEMFET-FERRAM memory fabrication approach.
Despite the fact that high-performance memory device arrays
with high yield have not yet been obtained, the intrinsic
merits and practical potential of the technology have been
successfully demonstrated. The following key results were
achieved.

1. Pulsed laser deposition conditions were established for
the successful deposition of high-quality ferroelectric films
of BTO on a wide variety of substrates, including silicon,
oxide single crystals and epitaxial films of superconducting
YBCO. Both polycrystalline and epitaxial BTO film structures
were achieved.

2. Multi-layer MIS test structures, incorporating
crystalline BTO films with Si0O buffer and cap layers, Si3Ny

diffusion barriers and metal (and alloy) gate electrodes,

were fabricated to demonstrate memory storage capability., and

to establish +the basis for a FEMFET-FERRAM thin-film
technoiogy. C-V measurements indicated excellent memory-
window characteristics, suggesting that p-type silicon
electrodes could be driven to deep depletion with switched
remanent polarization (Pr) values of less than 0.2 uc/cme.

3. Although our measurements of Pr vs. time suggested
excellent memory retention, the rapid decay of the C-V memory
window observed on these structures indicated a progressive
build-up of fixed positive charge due to ion migration
(within the BTO layer) to the semiconductor interface.
Similar tests with lead titanate based ferroelectric gate
dielectrics showed a similar behaviour which could be
attributed to mobile ion effects.

123




4. In order to eliminate the possible effects of measurement
fields on the stability of the stored C-V window condition, a
unique indirect, non-destructive approach has been developed
at Westinghouse, whereby the window threshold voltages were
imputed from zero-bias values of the gate capacitance Cg,
using SONOS C-V reference plots. This highly sensitive, non-
destructive method of determining charge migration behaviour
in the ferroelectric layer provides a powerful new analytical
tool for the characterization of fatigue and aging effects in
both FEMFET and (modified) ferrocelectric capacitor memory
structures.

5. Significant improvements in C-V window retention have

been demonstrated on this program with new ferroelectric

oxide-type memory gate stack structures (having buffer- and

cap-layers and metal top electrodes of Ti-W or Al) and new

ferroelectric oxide materials (e.g. doped BTO and PZT). In

particular, a factor of approximately 1000 improvement -
(compare Figures 3-20 and 3-30) in the retention of BTO gates

was demonstrated through the use of Nb doping; and, gates

fabricated with undoped PZT and Al top electrodes gave

extrapolated memory retention (see Figure 3-33) exceeding 10

years! As a consequence of this latest work with new

materials, compatible buffer- and cap-layer incorporation in

the memory gate structure, low-stress metallization

techniques, and lithecgraphy appropriate for deliniation of

the oxide ferroelectric gate dielectric, we feel that most of

the 1issues associated with a high retention FEMFET

demonstration are now essentially under control. However,

because of funding and time constraints a transistor device’
wafer lot employing these improvements was not fabricated.

As a consequence these results achieved on this program, and
of several related studies reported in the 1literature,
exciting opportunities now exist for significant further
improvements in the performance and stability of FEMFET-
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FERRAM transistor atrays. Before summarizing these future
potential research directions, we consider briefly some key
aspects of the present BTO FEMFET structure and processing
which impose limitations on optimum transistor fabrication
and performance.

(a) Present BTO layers display high coercive and switching
fields (relative to single crystals), coupled with rether low
breakdown fields (see Figure 3-6), attributable prcbably to
poorly crystallized structure and micro-cracking (electrode
penetration) due to thermal‘mismatch between the BTO film and
Si substrate. The electrical leakage caused by the cracking
is effectively alleviated by the Si0O3 cap layer, but the iow
relative permittivity of this and the buffer layer, require
that high operating gate voltages be applied in order to
achieve a sufficiently high switching field across the BTO
part of the structure (refer to Table 3-1).

(b) Despite the observation of square-loop properties and
sharp switching thresholds in c-oriented crystals of BTO,
crystalline films invariably display very rounded loops with
the E¢ values of constituent crystallites covering a very
wide range of values. The resulting Py values for partially
switched films of the type operated in our test structures
are marginally sufficient to provide a semiconductor surface
potential suitable for long-term stable memory storage.
However, to ensure better memory retention it would be
preferable to develop film structures exhibiting c-oriented
textures, with good crystal perfection and associated square
loops, low coercive field and high Pr characteristics. (There
is a- trade-off here between the coercive field and
depolarizing field, and if Ec becomes too low the stored

charge may become unstable.)

(c) Our studies to date (particularly on  BMF test
structures! ) have revealed that application of thin-film
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metal top electrodes'to the ferroelectric layer can generate
interfacial stress values high enough‘to suppress almost
completely the C-V memory window formation. These effects,
which point to the existence of strong piezoelectric fields,
are highly sensitive both to the nature of the metal
electrode and to the thickness of the ferrocelectric layer.
Little is yet known about these relationships in the case of
BTO device structures, and thickness parameters needed for
optimum C-V window properties have yet to be established.

(d) Although doped BTO layers, prepared by pulsed laser
deposition (PLD) have been successfully produced in this
study, and demonstrated for high-retention memory use,
optimum compositions of La- and Nb-doped films have not yet
been developed. Little is known about the influence of such
doping on dielectric quality and ferroelectric properties of
PLD layers (cf. related studies?!-?3 on doped films of lead

titanate based compositions).
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5.0 RECOMMENDATIONS

Some key aspecté of FEMFET device processing using BTO-based
structures still require further development. These include,
but are not confined to, optimization of buffer- and cap-
layer growth conditions, and development of high-resolution
photolithography procedures. 1In particular, low-temperature
fabrication of high-quality cap layers is needed, and a
suitable differential-etch or rejection procedure for tne
doped BTO gate dielectric is essential.

Here, we consider plausible solutions to address the key
problems 1listed above, based partly upon eXperiments
performed on this program and partly on developments
described recently in the ferroelectric literature. We offer
these in order of priority, dealing first with steps that in
the short term are 1likely to result in an effective
demonstration of a stable FEMFET-FERRAM NDRO memory array,
and which are based primarily upon proven technologies.
Alternative materials and processing approaches are also
" presented , however, which should lead to much higher-quality
devices with significahtly lower power fequirements and

further improved memory stability.

(a) As a first priority, we re-address. the short-term
application of our high-retention BTO(La,Nb) MIS test-vehicle
results, in a high-performance FEMFET-FERRAM memory array. To
reiterate, the C-V window retention properties of these doped
BTO structures are the most promising!9 to appear to date;
and, if they can be successfully and reproducibly exploited
in a complete device array we will have established a new and
highly significant NDRO memory technology. The key to all of
our suggested research in this area is the urgent and rapid
development of photo-lithographic approaches that can be
applied generally to every ferroelectric film FET structure
considered here. The importance of this problem has been
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discussed by Rost et al.!' who were able to develop a
molybdenum film liftoff process uniquely suited to the etch
chemistry of LiNbO3-based transistors. Our present work is
focussed on etch delineation processes for BTO-based
structures, using primarily HCl-based etches for the BTO
layers, which we found to be successful in our original
studies of BTO transistor’ and epitaxial display arrays3!.

{b) Predicated on the successful outcome of the
photolithography studies, short-term effort also is needed in
the area of BTO(La,Nb) film crystal quality development, so
as to achieve layers displaying lower Eo and higher Py
properties. In the later stages of this contract,  we have
emphasized the use of lower PLD deposition temperatures,
ccupled with subsequent RTA treatment as é means of attaining
better homogeneity and crystal quality, without risking
significant interdiffusion with other film (or substrate)
components in the FEMFET memory cell structure ( Such
approaches*?3 have recently proven highly effective in the
crystallization of both PZT and' BTO layers). Successful
application to our BTO(La,Nb) films will depend critically on
the control of phase structure and orientation by systematic
adjustment of deposition and annealing conditions, using
correlation with XRD and hysteresis measurements. As
discussed above, this task would also involve systematically
varying the doping level in the BTO films to achieve optimum

overall ferroelectric and retention performance.

(c) .- As a somewhat longer-range objective, attention should
be focussed on the development of alternative , higher-
permittivity buffer- and capping-layers. The recent

successful activity on SrTiO3 paraelectric layers34 and PLZT
for high-performance capacitors3’ in DRAM devices, leads us to
believe that adequate quality high dielectric constant
buffer- and cap-layers could readily be processed using
available technology. A capacitance increase of one or two
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orders of magnitude.in these layers would greatly increase
the field available for switching in the-ferroelectric BTO
layer (cf. Table 3-1) , significantly reducing the operating
power requirements. The resulting drop in the field across
the buffer- and cap-layers, would reduce tunnel injection
from the silicon and also place less stringent leakage
requirements on these layers. If the use of a more
crystalline cap layer results in intergranular (upper)
electrode penetration, this might be offset by using?® a
vitreous binding additive to the cap material to enhance its
dielectric breakdown. Incorporation of such vitreous
additives directly into the BTO(La,Nb) layer is an
interesting alternative, and might enable the capping layer
to be eliminated entirely from the structure. Chemical
passivation of the devices (i.e. minimizing potentlial
interaction with atmospheres during processing) could be
achieved through low-temperature application of vapor-grown
Si02 after the gate electrodes are fabricated.

(d) Recall from the discussion above, the generation of
interfacial stress during the gate metallization step, can
have a profound effect on the C-V window behaviocur and on the
ferroelectric switching properties in general. Our studies at
Westinghouse, and information gleaned from the ferroelectric
film literature, suggest that both the choice of electrode
metal , its method of application, and thickness play
critical roles in this respect. Clearly, this aspect requires
more careful attention in future FEMFET development studies.

(e) Finally, we turn to the question of all-epitaxial
FEMFET structures which, while appearing somewhat esoteric in
relation to presently accepted VHSIC fabrication procedures,
could offer greatly improved memory transistor array
performance and 1long-term stability. Recent efforts at
developing lattice-matched epitaxial sandwich structures,
have emphasized the potential of top electrode layers in the
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FEMFET structure with reduced stress comprising, for example,

superconducting oxides®3? such as YBCO or metallic oxides3$
like (La,Sr)Co03 or SrRuO3. Capacitor test devices using
these materials for top and bottom electrodes, grown
epitaxially on YSZ-buffered (100) Si, have been shown to
display greatly improved memory fatigue properties, compared
to those made with polycrystalline ferroelectric films on
metal electrodes.

No studies have yet been described on the C-V properties
of epitaxial Y¥SZ, SrTiO3, BTO or PZT on silicon substrates.
An investigation of this type is long overdue, and could
easily be undertaken, since suitable samples are readily
available. We strongly suggest that C-V measurements on
epitaxial structures of the type - SrRuO3/BTO(or
PZT)/YSZ/(100)Si be undertaken at the earliest opportunity.
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Appendix B:

Table Summarizing Experimental C-V/ prv TEST Resuits

" Test Results

wm bold voltage, flat r-un large amd vurhb eoducﬁvuy

TT79FMB22; BMF-Si-09

$00A LTO oa 100um BMF (File
FMB22CS)

T779FMB2; BMF-S+13 Barrel Eiched
dislectric
TTTOFMBA; BMISI-T3 Post Sputtar Dislectric blisterwd aad pesiing, doss Aot hold volugs, 00 C-V data
TT19FMB14; BMF-SH43 Brokan 10p balf of wafer Mercury Showsd 12.5 vok window on £ 10V sweap; (Files Bléuall & 24 OCT 9\
| proba, 5004 LTO Bléucl?d)
| TTI9FMB7; BMFSE77 Siailaiad premesnl Clesa by 2 misuse | 20V swesp showed 19 - 20 Vo wisdow; No % 10 voi window.
Sputter stoh
TTISFMB13: BMEF-Si-82 Alminam dow and low emperature 4 20 Vokt swesp showed a sl wisdow ~ 2 voim
sinser in Hy/Ny
Afer 450°C siater in Hy/Ny No Fervosiactric Window
[[7779FMB17; BMF-Sr85 10004 LTO T 20V swesp gives No Window; +320 to -50V sweep sbows & 14 volt
window
2 20V sweep gives 24V, window 7 NOV 91

P ———
TIT9FMB9; BMF-5i-79: 100nm
S00A LTO. 3IKA TIW, Wafer

Togg ELB of TIW, Piaama Strip of Re-
vist; (Flles: BITESPLS; B9BRLPLS)

Dot s esuressenss showed w0 wimdow, Dow teaded 1o breakdown at
20V. Mercury Proba: & 20V sweep showed 24.4 volt window, Op:

Teoge tomms to give les
leaky results than Barrel

7779FMB23; BMF-5i-90

mask from filunent source

Silver Print deposited from couton fiber
o Q-Tip, Air dried 14 hrs.

elactrode at + 20V scus showed & 24.6 volt window (av. 2)
{B23ind1)

Silver Print Dot &8 410V can showed 2 12,3 voit window. Silver
Print dots breakdown 10 w0 20V,

out inlo 4 quararny +28, <40u0. Dot showed no mamory window and showed High coo- Plasma; (14 NOV 91)
duotance,
Barral Eich TIW, Plasma Mmmtzov-qm-uowuumop-uoo.
Strip of Raaist -530u00
Tese Erch TIW, Posistrip Resist(Fils: Dot breaks down st <20V, shows no window. Mercury Probe: breaks
BYBRLFOS) dowu a2 + 20 vols. (Unexplained Misbshavior ~ Fiuke)
Barrel Eich TIW, Posistrip Resist Dota showed no ferroslectric vindow tad breakdown ~ 20V,
Mercury Probs: + 20V swesp showed & 23.2 window & 0, = +430,
4700
Anneal st 400°C for 30 min.Hy/Ny No significant inprovement
7779FMB18; BMF-S5i-86 1000A LTO, |000AFiament evap- Aluminum dots showed no ferroslectric window at £ S0V,
orated Al through Mask
Anncal at 400*C for 30 min. in Hy/Ny |Aluninum dotws sbowed no ferroclectric window at 1 S0V. Mercury
probe showed s 63 volt window st ¢ 50V real tine aweep and a §9
volt window oa C-V plot.
TT79FMB24; BMF-S8i-91 $00A LTO, Full Clesn 4 20V scan shows 26 volt window Gp m +5/12)0 (av. 2) (15 NOV 91)
T779FMB2S; BMF-51-92 $00A LTO, Degrease, No RCA clean + 20V scan show 24,8 volt window (av of 2); Op w +30/-37(av 2) |(15 NOV 91)
500A LTO, IK Al evaporated through [Al Dot - £ 20V scua sbowed 0.6 volt window. Small Indium foil (15 NOV 91)

(19 NOV 91)

detarioration.

Coated 4 Al dots with silver print (20 NOV 91
* . AbAg dom showed no Ferroeloctric window at 2 10V sweep. Dots
broks down > 10V < 20V

7779FMB21; BMF-Si-!l S00A LTO Deposited then subjocied 1o |+ 30V C-V Scan Used To Pols Dielectric. +20V Scan Showed (21 NOV91)
60 wmin. Plasma Strip, (FILE Window Of 29.3 vois (M)‘GP B +6/-12 uav 2)
fB21PLSTP)

FMN-22; BMF-Si-93 No RCA Precleaa, 1kA T\kk; 480°C |Good Hysweresw With Memory Widows Often Excesding the Pulsed CV Measure-
FG Anoeul, lhr., 800A LTO Progracaming Voitage. Ahar trip W Seadis &reaum showed ments: Hg

Probe = >6.65V Memory
Window at 100us, +16V
Needs Expianation

FMC-N12; BMF-Si-94

Complets Fluoridation Preclean; 480°C
FG Aancel, ibr., 2kA Thick, 800A
LTO

Good Hysteresis With Memory Windows Often Exceeding the
Programunimg Volage.

3 Dec 0 STC for Reten-
tion Measurements (File #
ICN12F94A) (26 NOV
91)




3 Deo for TIW-Al CV*

FMC.N11; BMP-3#93 Complets Fiuoridacion Presiena; 490°C | Beckspuster Prewsetat-Clena Ruine FEMIET Behavior OaTop Haif of
FO Asneal, 1hr..2. 18A Thick, 800A | Wafer.Bosom Half of Wafer £20v,.3.2/9m12.2Wiadow, Dot With Prespuster
LTO . Clean &
[FN-07 (w/10am 8105); S IkX i Swest Spot: 2 to 4kA Very Leaky Capacitors Showiag Both FE & Tunaslliag/Trapping 3 Des for Al Dot Re-
BTO-+2 beyond secoad intsrference ring, No Hysiaresis, maoval; $00A LTO Depo-
Cap. sition; Filameat Masked
Al Doa,
FN-07 (w/10am $i0q); S0 SkA in Sweet Spot; 2 o 4kA VIRGIN DOT: 2 16V Sweep-1.4V Window; Showed Poling @20V | (Files NTBT42CS & C6
BTO-2 beyond second interference ring, No giviag larger window; 320V Sweep=4.4V Window; & 10V on 2JAN 902)
Cap. Swesp4.1V Window
[FMC-N21; BMF-Sh96 Ne RCA; Buffersd HF, DI H20, 4 Des for $00A LTO.
Alookol Degresss; 430°C PG Asaeal, The Bubbls Defacts Were
1hw.;2000A Thick Obwerved 1a The Film.
4D¢cl’orlm1'0. Forlyp

[FMC-N23; BMF-Sr97

No RCA:; Buffersd HF, DI H 0,
Aloohol Degreass; 430°C FG Anasal,

216V Swesp=0.3V Window; 220V Sweap-7.5V
Window; 3 SOVSwesp+$3V Window; 50V Sewxs To Purtially Lock

Al Shadow Dow. (Flles

10r.:1875A Thick

1hr.:2050A Thick P,:SodhamCatmasd DrugAhan Dep. N23P75q & N23F9Tag
on 2 JAN 92)
I?MC-NN: BMF-Si-9¢ No RCA; Buffered Hj?. Dt H,0, 20VewospRapeutedSx: Window m4V,7.4V,11.2V 4 Dec for S00A LTO.
Aloohol Degrense; 480°C PO Anneal, For 14 Al Shadow Dots.

FMC.N15; BMF-8i-99

No RCA; Buffersd HF, DI H50,

4 Dec ‘or 500A LTO for

Alcokol Degreass; 480°C PO Aaneal, FE Ramovai Experiments
1hr.;2125A Thick

[FMC-N25; BMF-SF100 No RCA; Buffered HF, DI H,0, 4 Deg for 500A LTO for
Alcobol Degreass; 430°C RGO Anseal, FE Removal Experiments
1hr.:2129A Thick

IFMC-NZO: BMF-Si-101 No RCA; Buffered HF, DI HL0, (Files C20F96Ac & C20F96Af on 18 DEC 91)$20V Sweep=12.6V 11DecFor800ALTOXTI
Alcobol Degreass; 480°C FO Anocal, | Window; 3 16V Sweep—+8.9VWindow; + 10V Swesp~e3V WAL CV Dot With NO
1hr.;2125A Thick Window(FilesC20f101H M, &L, > 6JANS2) Presputter Clean({Mate To

FMC:N11) &

LE7620A-6; BMF-$i-102

No RCA; Buffersd HF, DI H;0,
Alcohol Degresss; 480°C FG Anncal,
1hr, ;2000A Thick

11 Dec for 800A LTO

LE?7620A-5; BMF-$i-103

No RCA; Buffered HF, DI Hy0.
Alcobol Degrease; 480°C FG Anpeal,
1hr.;2000A Thick

11 Dee for 800A LTO

LE7620A-2; BMF-Si-104

No RCA; Buffered HF, DI H,0,
Alcobol Degrease; 480°C FG Anneal,
1hr.;2000A Thick

11 Dec for $00A LTO

LE7620A-3; BMF.Si- 105

No RCA; Buffersd HF, DI H2°'
Aocetons Dagrease; 480°C FG Anoeul,
1hr. ;20004 Thick

11 Dac for $00A LTO

FMC.N19; BMF-8+107

Buffared HF. DI H70, Degroass Wits
Acetone, HF Dip, 200um BMF @
200°C, Prebaked @ 520°C, Ancealled
in RG @ 480°C 1hv.

PRE SPUTTERESINTER, £ 20V.S WEEP SHOWED NO WINDOW

$32A LTO(13a09?)

FMC-N17; BMF-5i-108

Buifersd HF, DI Hy0, Degrease With
Acstoos, HF Dip, 200um BMF @
200°C, Prebaked @ 520°C, Annealied
in FG @ 480°C thy.

532A LTO(13/sa92)

FMC-NOY; BMF-Si-109

Buffersd HF, DI H50, Degrewss With
Acewcae, HF Dip, 200am BMF @
200°C, Prebaked @ 520°C, Anneallsd
o FO @ 480°C Ihr.

$32A LTO(13Jaa#2)

FMC-N09; BMF-Sk-110

Buffered HF, DI H70, Degronss With
Acetons, HF Dip, 200um BMF @
200°C, Prebaked @ 520°C, Anneulled
in FG @ 480°C lhe.

532A LTO(13Jaa92)

FMC-N13; BMF-Si-111

Buffersd HF, DI H30, Degreass With
Aocstons, HF Dip, 200um BMF @
200°C, Prebaked @ 520°C, Anosalled
in PO @ 420°C 1br.

532A LTO(13Jaa$2)

FMC-N10; BMF-8i-112

Buffersd HF, DI H70, Degreass With
Acetone, HF Dip, 200um BMF @
200°C, Prebaked @ 520°C, Annealled
in PO @ 480°C 1hr.

532A LTO(13Jaa92)




FMC-NOS; BMF-Sk114

Buffersd HEF, Dl HyO, Degranse Whh
Acetons, HF Dip, 200am BM @
200°C, Prebaked @ 520°C, Ansealied
a PO @ 430:C 1k,

FMC-NOS: BMF-3&113

Buffered HE, DI H70. Degresse Wik
Acetasa, HF Dip, 200um BMF @
200°C, Prebaked @ 520°C, Annealled
in PG @ 430°C 1br,

- -
FMC-N1#; BMF-S116

Bulfered HF, DI H70, Degrewse Wik
Acstons, HF Dip, 200am AMYF @
200°C, Prebeked @ 320°C, Assealiod
ia FQ @ 400°C thr,

H'm' C-NOS: BMISH117

Bulfwred HF, DI H70, Dogrosss Witk
Acstoss, HF Dip, 200um BMF @
200°C, Probuked @ $20°C, Ansealied
s FG @ 480°C 1hr.

FN-oo: BTO-44 (Rowied)

PLD BTO: 500um Center, 200nm
Bdge, Grosnish; 18 Dec 91; S00°C
Edge. 650°C Canier,PRE SPUTTER
ETCH.

TOP HALF OF WAFER , &10v,Cp= |SSpF.Gpu 1315/1
Wiadow=2.4/4,16m [, 76v, + v, Windew = |,62/2.2w0.58v

FP.08; BTO-5-1 (Romsd)

PLD BTO: 230uwn Ceater, 150nm
Bdge, Qremish; 2 Jaa 92; 500°C
Edge, 650°C Centor

PROBED $ CAPACTTORS, £20V., CONDUCTANCE OVER
SCALR.

177 LTOX( ISJE)

PLD BTO: 250um Center, 150um
Bdge, Oromnish; 6 Jea 92; 500°C
Bige, 659°C Conter

MERCURY PROBE, £20V.C-V WINDOW 11.6V.; £10V.C-V
WINDOW 3.8V,

PLD BTO: 250msa Cauter, 150um
Edge, Romting; 15 Jeu 92;: $50°C
(readous)

ENH.2.0V., WINDOW 6.6V., G,125\140 U.PREAKS DOWN AT
20V,

PLD BTO: 250xm Center, |50um
Edge, Rotating; 15 Jea 92; 500°C
(readout)

HIGH CONDUCTANCE.NO WINDOW,LOOKED AT SMALL
CAPACTTOR DOT3

MERCURY PROBE Cpqax 143.39F, 210V, SWEEP , DEP.4.6V..

$32A LTO(13/ead?)
492K OF L.TO 201AN%?

492A OF LTO 200AN92

FMC-NO1; BTO-S.5

PLD BTO: 250nm Center, 150nm
Edge, Rotating; 1S Jan 92; 450°C
(readout)

BREAKSDOWN AT 20V.;:NOT FERROELECTRIC

492A OF LTO 20JAN9?2

Acesons , HF Dip, 200um BMF @
200°C, Prebeked @ 520°C, Anncalled
ia FG @ 480°C 1hy.

———— r— s— e ———— e ——

FMC-N02; BTO-5-6 PLD BTO: 250um Center, 150nm Used forFE ech experiment. 492A OF LTO 201AN®2
Edge, Rowting; 15 Jaa 92; 450°C

u . | (readow)

FMC-NOT; BMF-Si-118 Buffared HF, DI H70, Degrease With | £20V.,Gp=45 O, Wadow +14.4/6=20.4 V. 492X OF LTO 201AN92

£ 10V, Window =.4.,35/1 =$.35V,
+5V, Wiadows.},3/.1.2=2.1V.

No Preciean: 10kA Al
ovap.; A 100us pulse
change

'FMC-N14; BMF-5i-119

Buffered HF, DI H90, Degrease With
Acstoss . HE Dip, 200am BMF @
200°C, Prebaked @ 520°C, Anncalled
in PO @ 430°C 1hr.

£20V.SWEEP,NO RESPONSE

4924 OF LTO 200AN9Z |

e snemesc——
FMC-N22: BMF-8i-120

Buffersd HF, Dl HyO, Degrense With
Acstons , HF Dip, 200am BMF @
200°C, Prebaked @ 520°C, Annealled

492K OF LTO 200AN9Z |

W PQ @ 480°C 1hs. .
e ———————— T St e Y T —
FMC-NO4; BMF-SF122 2 Step chad cloan MERCURY PROBE. +20V.SWEEP DEP.-13.2V., ENH.11.0V., No dilfersace between |
WINDOW 24.2V.; Gpd0/120 u0%; £10V.SWEEP, DEP.-16V., stop and 2 sep clean
ENH.-2,4V., WINDOW 1.6V,
PR — eyt e S~ rem e b g
FMC-N24; BMF-Si-123 1 Siep chee cleaa MERCURY PROBE: £20V. SWEEP, Opi8/23, DEP.-14V., Ses Above
ENH.14.4V.. 20.4WINDOW
FN-01; BMF-SH124 1 stop chewa cleas.2 hr. saneal MERCURY PROBE, $20V.SWEEP, WINDOW 22.6V., See Above
GpaS/53u0, NOT NORMAL DIP CURVES, IS THIS A GRIDDED
WAFER? £ 10V. WINDOW12.5V.
FN-02; BMF-SF125 1 Stop cheus clesa ,2 br, saasel. MERCURY PROBE.DGES NOT BEHAVE LIKE GRIDDED Ses Above

WAFEX? £20V., Gp/68,L), WINDOW 18.4V.; £10V.:
QpIN/TS, WINDOWS.4V.

[FNO3; BMF-Si-126

2 Step chom cleaa,2 hs. anneal.

MERCURY PROBE, DOES NOT BEHAVE LIKE GRIDDED
WAFER? £20V., Gp3d/72, WINDOWI7.2V.; £10V., GP3G/72,

WINDOW 8.2V,
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2 Swp chum cleas. | be, samenl,

220V, 0p = 109/247,Cp wS0/107.windomw 1441 £ 10
HoProbe: $20V,0p 255/63,Cpuda1/72 windew @ 25.2, £10V,
wisdow ® 9.3V, Wafor does act bakarve a8 o gridded wafer.

Commety Ou M) °

FN-08; BMI-$i-128

2 Step chems closm, | hr. samenl.

w«umﬁmom

[F9-01; BMI%SF129 2 Step chem oleani9KA Al C-V ON DOT, £20V. Opl352/31, Cp7W100pF, WINDOW: 13.7/0.5 |9KA ALDOTS DEPRESS
DEPOSITED THROUGH MASK = 14,2V, £10V1 3.6/-2.4 = 1,2V,; MERCURY PROBE. £20V: |MEMORY WINDOW
Op122/17, Cp76.5/66.9, WINDOW .13,7/6.6m 20.3V.; -1510C-V, |, INCREASS
WINDOW = .10/1.0® 11.3; £V, WINDOW = .2.3/0.38m~ 2.45; |CONDUCTANCE,
+28/20C-V, WINDOW m .19,8/7.5w 27,9 REQUESTED $TC TO
INCREASE BMF
THICENESS FROM
2KA TO 2.572.8 KA.
7006-1; BMF-$i-131 . 11 visp chem clenn
7806-2; BMF-8¢-132 1 step chams ciesn
7806-3; BMF-Si-133 | mep chem clean
7806~4; BMF-Si-134 1 stop chem clesa Delivered to HDL
7806-5; BMF-8i-138 1 step chem clena
FN-07; BTO4-2 GRIDDED WAFER ,100 A $i05,1K  |MEMORY WINDQOW 6.6Y.@10V., WORKS AT 20V, &3V. GOOD RESPONSE
A Al DOTS EVAD. OVER LARGE PART
OF WAFER ]
[FN-08; BTO43 GRIDDED WAFER.100 A 8i0,10K |MEMORY WINDOW @10v MAX 2.3 V.BTG _ ABOUT OVERALL DOES NOT
A Al DOTS EVAP, 208 THINNER THAN FN-07, BREAKDOWN 10 TO 20 V. LOOK TOO  GOOD.
ONWLY SMALL PART
OF WAFER HAD
. RESPONSE
S — g ———— e g g " St B~ S e e
FMD-01; BTO-6-2 GRIDDED WAFER 153 A LTO MERCURY PROBE, £5V., Op 468/571 pO. WINDOWa
-0.5/0.1% 0.6V.; £10V., Gp 500/600, WINDOW= (/1,5 = 1.5V..
Cmax 347pF.
7406-7; BTO-6-3 LTO 1914 s,
[FP.02; BMF-5r136 1 stop cham cleas, 2.5KA oo, £ 10v, Cpw $3/86pF,Gp= 66/56 wo memory window, £20v, SONOS | 1KA LTO Cap, no
Typs presputter etch no grid
visible, TVAUTIW dota
FP-03; BMF-S# 137 1 sop chan clesa DA'd for bubbies.
[FP-04; BMF-5i-138 1 step cbam clesa DA'd for bubbles.
FMD-06; BMF-S+-140 1 step chem clean
FMD-07; BMF-Si-141 | step cbhem clean
FMD-08; BMF-Si- 142 1 step chemn cloau
7806-6; BMF-Si-143 1 step chens clean
FMD-23; BMF-Si-139 | STEP CHEM CLEAN, 500C Al Dot(13); Cpm196.7, Gpu43/66; £ 5, =0.8, £10m-7.4/-5w 2.4,
1Hr. ANNEAL. 250-150um £20: +11.88/-0.08= 11.8. Hg C: Cp= 173.1. Gpa 81/110; gs
~2.2, £10: -9.20m9,2, £20, brokadown
LE-7306-08; BTO-64 161A LTO ON si 3 Transwtors Showed oo Memory @25 V.

FMD-02: BTO-6-3 153A LTO , 550C 40MIN. Hg Probe, breaks dowa st 20V, £10v, Gp= 30/70, windowm BTO Deposit not
0.4/1.4= 1V, Comxs 211pF, £5V, window » .0.95/-04 = uniferm, spots
0.55V, Cmaxs= 199pF.

e — Set———

FMD-03; BTO -7-1 153A LTO, 550C 45 MIN. Hg Probs; Breaks Down st 20V. £10v.: Gps 70/145, Window=
0.2/1.8 = 2V, Coaxw 277pF, £5VY: Window = .0,15/1.95= 2, l.

Comaxw 274pF,

FN09; BTO-4-4 Thermal Oxide 100A Bogom Half of Wafer; +10v, Cp = 167pF, Gp = 1398/1375, 4KA Al 13KATIW:pre

Window = 1.2/4.3 = 3.1v, £5v.2.51.32 = 0.82v. sputtsr  ciesnidots wers
Zylin/Barrel )
stched. Sinter 400 C
Hz/N2

FP06; BTO-5-1 Thermal Oxide 100A Ons dot showed no window ons dot showed 0.5v window, cos dot noa | As Above
forroslectric. :

FPO7; BTO-5-2 Center 2500A, edge 1500A, Thermal Hg Probe: center +20v, 11.6V wiadow; £10V, 1.3V window

Oxide 100A
FMC-N-08; BTO-7-3 350 C, 40 mia., 200::1‘0«.10"2 +5v, Cp = 466/481pF.Cp = 214473, Wdow = 0.48/1.38 = 500A LTO, no
20 rpen. 100A Theremal Oxide 0.9v, +10v, Cp = 478, Gp = 411/1146, Window = |.2/29 = prasputter, grid visible,
1.7v. TVAVTIV dot.

LE7786-02; BTO-7-2

550 C, 45 mim., 200 mTorr. 10H,,
20 rpe. LTO 187A.
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Wafer # Experiment Test Results Comments
FMD-09; BMF-Si- 144 2.5KA oom. 210v, Cp ® 130/135pF, Gp = 23/404 U Window @ «4.4/-0.8 = S00A LTO Cap, o
3.6v £ 3v, Window »0.9v presputier, grid visidld,
. TVAVTIW dots
FMD-10; BMF-SI- 143 250-1500m. Al Dot4, 6); Cp = 164.5, Gp w 24/4T: 13, 4.2/-3.0 = 0.4, £10,
4.3/-2.6= 1,7, $£20, broke down, ;HgC: Cp » 1955, Up =
376945, w22, £10. 7.8473 = 10.84, £20, -19.2/5.2 w 24,
FMI~ 11; BMF-Si 146 280-180 am. Al Dokd. 6): Cp = 101.9, Gp = 11/50; £5, =0, £10, 1.1/6.0

3.3, 6.56/10.2= 16.76;HgC : Cp = 127.2, Gp = 10/3), 5.
2173.9 = 1.8, £10,0.8/ 7.3 = 4.3, £20, broke down.

LE7786-01; BMISi- 147
LE7746-04; BMF-Si- 148
FP-10; BTO-7-4 330°C. 10%Hq. 200 mTor, +3v,. Cp = 120/365pF, Gp = 820/970, SONOS Type Window SO0A LTO. pre spuster
40mn. Thevmal Oxide u:10Q3 v. och, 0o grid visible,
TVAVTIV dots. Used in
oich experiment
FMD.04; BTO-7-$ 530°C, 10%Hy 200 @Torr, 40min. |£10v, Cp = 460/440, Gp = 1179/1078, SONOS type displacement | S00A LTO, 0o pre

WINDOW, +5vWindow = |, }v Window, Breaks Down a20v.

Thermai Oxide; LTO suboxide +3v, Window =0.3v, sputter sich; grid visidle,
TUAUTIW dow. Used in
stch experiment
FMC-N-09; BTO-7-6 600°C, 10%Hy 200 mTorr, 40min. |Hg Probe;Cp = 109.5pF, Op = 6M82)0, $i0v = 2.73.76 = Possibie Cu
Thecmoal Oxide; Thermal Suboxide 1.06v, £5v = 1,3/3.65 = 2,33y Cootaniination
[LE7736.05: BMF-Si- 149
hacsnmmm— R
FMD-24; BMF-5+150 3.3KX oom, " $10v, Cp = 99/96, Gp = 28/48, Widow = -1.24/1.84 = 3.08 | S00A LTO Cap, no
+5v, Window ©2.3v, presputtar, grid visidle,
: TVAUTIW dots
FM-N-16; BMF-Sk151 Walor wed for FE eich xperimienss.
FM-N-19; BMF-Si-152 4.9KA nom, £10v, Cp = 7U69pF, Gp = 14/1534 0, No wisdow Can be $00A LTO, oo
messured, st $20/10/Sv, Too spread out presputtar, grid visible,
TVAVTIW dots
- —
FM-N-20; BMF-5k 153 Used for FE etch experisnemss.
'FP-03; BMF-Si- 154 2.8KA nom. £10v, Cp = 21/126pF, Gp = 81024 U, dot oo window, Hg=0.bv
window +20v, Window m6.2v, Hg »6.0v,
[FMC-N- 10; BTO-8-1 630 C Dep. Hg Probe; Cp = 137pF, Gp = 101/1204 U, £ 10v Window = 3.6v, |463A LTOCep
+SvWindow = 3.67v
[FMC-N-11; BTO-8.3 300 C Dep, 600 C 1 Hr Anneal Hg Probe:Cp = 223.9pF. Gp = 63/1074 U, % 10v SONOS 468ALTO Cap

FMD-12; BMF.5i-155

Thickness = 250-400 aM

Al Dot(13): Cp = 82.5, Gp = 11/108; £5, 2.7, +£10 = 1.6/6.5
= 4.9 £20, -0.2/108 = |1;HgC: Cp = 74.9, Gp = 41/51;+5.
+0.172.5 = 2.6, £10, (-0.9)/4.7 = 5.6, £20,.5.52/9.6= 5.}

53A LTO, 327192

FMD-13; BMF-5i-156

Thicknews =  250-400eM

Used for FE etch experioent.

534A LTO Cap, 3/27/92

FMD-14; BMF-8i-157

Mm = 190-290aM

Al Do(4, 6): Cp = 136.2, Op = 12/31; 25, ~0.6, £10, w .3,
$20,-14.8/8.2 = 23;HgC: Cp = 72.8, Gp = 10/40; £, 0.4/2.15
= 1.75, £10, /1.8 = 7.8, £20,.16/10.2 = 26.2,

$34A LTO Cap, 3/27/92

FMD-15; BMF-Si- 158

Thickness = 360-610 aM

DA'd for bubbles.

534A LTO Cap, 3/27/92

FMD- 16; BMF-Si-159

Thickness = 360-610 aM

Al Do(12): Cp = 61.8, Gp = 11/14; 45, =i.4, £10,1.0/82 =
7.2, £20. 0/11.6 = 11.6;HgC: Cp = 63.6, Gp = 19/ 15: 5,
-1.92/1.3 = 3.2, £10, CLDN.0= 3.2, £20, -8.8/9.8 = 13.5.
500 Rad Si X-Ray: Al Doi(12): Cp = 61.5, Gp = §/11;485, =1.7,
£10. 0.1/ 7.68 = 7,58, £20, (-1.5/13.4 = 14,9

534A LTO Cap, 327/92
Conclusion of rad test a1
500 Rad Si is that there
was bo siguificant
changse. Therefors the
wafer sent 1o SANDLA
was oot damaged by
airport X-ray.

FMC-N-12; BTO-8.3

300C DEP . RTA 600C, 10SEC.

+10v.Cp = 359.8pF, Op = 334/435, Wind = |.4/4,1 = 2.7v,
+5v, Wind » 1.35/3.05 = |, 7v.Broks Down 20v.

FMC-N-13; BTO-84

300C DEP, RTA 630C, 10SEC,

+10v, Cp = 270.9, Gp = 25/101, Wind = 3.6/4.56 = 0.96v. +Sv
Wiad » 3.3/3.6 = 0.3v., Broke down 20v.

FMD-{7; BMF-8i-160

300-200NM, H,, 480C, iHr,

Al Doa8): Cp = 132.1, Gp = 43/75; 25v, Wind = =0.25v, +10v
® .0.76/1.5 = 2,26, +20v, -1 5.8/8.6 = 4.4v.HgC: Cp =
115.5,Gp = 34/50; £5,0.25 /1.1 = 0.9v, £10, -1.74/2.2 = 3,94,
+20.-17/8.12 = 25,12

FMD-18; BMF-Si-161

300-200NM. H,, 480C, 1Hr.

FMD-19; BMF-5i-162

Degresss Ounly, H,, 430C, IHr.,
100A buffer oxide 300-200 am. BMF

Al Dot(12): Cp = 105.4, Gp = 69/30; £5, -1.8/-0.5 = 1.3, £10.
-2.5/0.98 = 3.5, $20, 4.12/9.4 = 13.5. Hg C: Cp = 36.6,Cp =
55/60;£5,-0.6/ 0.85 = 1.45, £10, (-1.5/2.4 = 3.9, £20,
-5.1/10.8 = 5.9,
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FMD-20: BMP-81 183 Degrenss Ouly, Ky, 430C, IHr.,

100A buffer oxicle 300-200 axn. BMP

Al Doud, 6): Cp & 141,35, Gp = 17/43;

FMD-21; BMF-$+163 3-Siep Growta, 230-360 om. 25v, Wind. = =0,7v,
£10v, Wind = 4,1/7.6 ® 3.5, £20v, Wind = 4.68/9.68 = § Hg C:
Cp = 97.02, Op » 9/18, £5v, 2.65/4.28 = 1.6, £10v, 1.5/5.96 =
(4.46), £20v, 157 = 22
22; BMF-$+ 166 3-STEP GROWTH, 300-200 NM. AK12), Cp = 160.3, Gp = 44719, 25v Wind = 1.5v, £10 Wend =

2.4/6,1 » 3,7, £30vWind » :2.0/9 = 11.3.AK9):Cp = 148.7, Gp
o 20/40, $5v Wind =14, ¢ i0v, Wied = 2.8/6.44 = 3,64,
+20v, Wind = -2,8/8.8 = 11.6.Hg(c);Cp = 168.7, Gp = 74/100,
$Sv, Wind = 0.8/2.4 = 3.0, £10v, Wind » 2.843 = 7.1,
£20v, 14004 » D2 HE):Cp = 1854, Qp = 104/134, £dv,
Wisi = 0.6/23= 29, £10v, Wind = (-2.44) /4,74 « 7.18,
+20v, Wind = Broks Down,

[FMC-N-14; BTO-8-5/6 RTA 600C/103EC., 410-360 NM.

AU, 6:Cp = 299.6, Gp = 96/173, L10v, Wiad, = SONOS:
Hg(C):Cp = 303.6, Gp = 34/97, £5, 10, 20v, All Heve SONOS
respones. Heg(E); Cp = 281.6, Gp = 250/2%4, £S5, 10, 20v Al Have
SONOS responss,

[FMC-N.15; BTO-9-3 550C-60MIN. GROWTH

AK4, 6);iCp = 345.6,Gp = >1.8E3, £5. 10, 20v, Too High GP
for C-V Hg(C):Cp = 118.3, Gp = 11/77, £5v, (-1.85)/1.45 =
3.3, £10v-0.96/2.2 = 3,16, £20v,2.28/4.32 = 2.0v, Hg(E);Cp =
136.4, Gp = 14/27 £5v, (-0.62) /2,88 = 3,47, +10v, -0.8/2.64
= 3,44, +20v, Broke Down

FMC-N-16; B10O-94 300C-60 MIN.;RTA 600C/10SEC,

AK12):Cp & 412.6, Gp = 539/417, £5v, =0, £10v, 4.16/4.7 =
0.54. AK11);Cp = 423.4,Gp = 138/333, 15v, =0, 210v, 4,3/4,6
= 0.3, £20v, SONOS. Hg(C): Cp = 321.5, Gp = 108/190, £3v,

«2, £10, 20v, SONOS. Hg(E): Cp = 268.7, Op = 3197342, +35v,
=3.1, £10, 20v, SONOS.

[FMC-N-18; BTO-10-2 300C-60MIN.;RTA 550C/10SEC,

Al4, 6);Cp = 304.6, Gp = 126/217, +Sv, 3.26/3.5 = (.14,
+10v, 4.01/4.56 = (.55, +£20v, SONOS, Hg(C): Cp = 330.7,
Gp = JU112, £8v, w1.4, £10v, 3.64/4.5 = 0.26, £20v4.6/3.4 =
3.8.He(E)iCp = 298.1, Gp = 27/88, £Sv, =128, +10, 20v,
SONOS.

$10 = (-5.18)72.5 = 7.66, £20 = .5.92/10.48 = 16.4; HgiO) Cp

[FMD-25; BMF-Si-167 100ABufTer Oxide A4, 6)Cp = 61, Gp = 10/13, £5 = -2.45/1.2= 3.65, £10 =
(-3.91.2= 67, +20 = 5210.72= 5.52;Hg(C)Cp= 78, Gp =
611, £5 m .2.55/1.92 m 4,47, £10 = (-2.66)/4.24 m 688, +20
m (T.12)/12.48 = 19.6

FMC-N23; BMF-5¢-168 T00A Buffer Oxde

[7786-6; BMF-Si-170 1334 Buffer Oxide

[[W-T; BN Sv 164 TOTREss SAVIFTE 17 20m Deposited 500A LTO SENT TO VA TECH

5192
O R RS e
TRBRETT . TR N e, = [SONOS RESPONSE
NERCES RIR . PR )
e

A12)Cp & 10V, p = 120/202, £5 = -3.33/ (-1.3) . ~.03,

5 “ 93, Gp= &/l g = 1.1/1.69 =279, +10= (-3.2)/5.38
‘ w 058 120 = .9.2/12.4f = 21.28
L S i, NS B ' =
VDI DMESTS [DUTTIRTIL Y0, WO e, [AKG UCs R 0.7, 0p & 177, 25 = -3.35/-1.35 = 2.0. £10 =
AU w70, #20¢ BIUSI = 17.2; AU4. 4): Cp =
1.92. £10 = .5.1/1.9 =

878, Cp s /b, gf @ ¥/l /2=

7.0, £ 0= 050009 175, HKO: Cp » 92, Gp = 4/10,
+5m 2001434, 10 = -3 84/42 =804, £ 20w
-8.76/11.4 m 20.16; Hy(ES): Cp = 82 Gp = S/11, £S5 =
0152, =225, £10m Q071 =4 £ 20=.9/11 = 20.0

[FMDOZX: BME-3174 BUFFER 135A TO, 300 -2000m.

AN4.6)Cpmil.Gpmir], 3% T H/135=2.0 10 =
5.1/19= 70, 40 = 8.328.:0 8 17.2,Hg(C)Cp = 92,
Opuwi0,. 25 m 2Hl/1 1«34, $10=.384/4.2m= 8,04,
+20 = 5.76/11 4 30.46.

S50C/30MIN. STATIC RUN, 242K
TO BUFFER

LE7786-07; BTO-11.3




FMD14X; BTO-114

550C/60MIN., 20RPM, TO = 506

Test Results
A4, 41Cp = 173, Gp = 24/60, 25 = 0,43, £10 = 0.9, £20 =
2.700.96m 1,76 . Hg(ES)Cp= 98, Gp w 9/18, £S5 =
.2.180-0.52 = 1,36, £10 = -2.3/0.2m 2.1,  £20 = .3,20.3
=29

FMD-08X; BTO-12-1

$S0C/60MIN., 20RPM, TO = 256A

AK12)Cp = 358, Gp = 1707294, 15 ® -2.39/-1.86 = 0.53, £10 =
«2.34/-1,08 = 1,26, £20 = .1.20/0.8 = 2.08,  Hy(EE) Cp = 98,
Gp = 10/18, £5 = 2.9/1,7w 1.2, £10 = .3,6/-0.0 = 2.1, £20
= 45223 =15,

W-2; BMF-5i-169

Va. TECH. STRESS MEAS,

SENT TO Va.TECH 5/22/02

700A LTO CAP

FMD-09X; BTO-12.2

35GC/6OMIN., 20RPM, TO = 256A

T4, C): Cp = 225/222,0p w 41/94, £5 = wl.], 210 =
«1.2/0.52 = 1,72, £20 = -0.3/3.6 = 3.9, ;TH4EW): Cp = 221/218,
Gp = 45/103, 5 = G.33/0.1 = 0.48, £10 = (-0.6/0.36 = 1.0,
420 = 0.2/2.3 m» 2.6; H(CC): Cp = 157137, Gp = 102/376,
+5 = .0,05/0.1 » G.15, £10 = 0,10.2 = 0.3, £20 = (-0.2)/ 0.6
= 0.8, ; Hg(EE): Cp = 137/134,0p = 65/51, £S5 =
«0.2/0.42%0.62, £10=(-0,26)/0.72= 0.98, $20=0.2/1.8= [.6;
Hg(EW): Cpm119/114, Gp = 13770, £5 = 0,35/1.65 = 2.0, £10
= 0.66/1.9m |24, £20 » -0.8/0.2 » 1,07

S50C/6OMIN., 20RPM, TO = S06A,
S0mTORR

T4, C): Cp = 146/149,Gp = JV60, £5 = »0.1, £10 = -2.7/.1.9
= 0.8, £20 » 3. 2/(-0.6) » 2.6; TKAEW): Cp = 130/148, Gp =
84/58, +5 =0, £10 = 0, £20 = =~0.4;Ti4, EE): Cp = 75/147,
Gp = 41/54, £S5 » 0, £10 = 0, 220 = BLHY(CC): Cp =

119/126, Gp = 41/42, 45 = SONOS, £10 = SONOS, +20 =
SONQS; Hg(EW): Cp = 115/113,0p = 20130, : £5 = =0.6, £10
® =12, £20 = 4.4(-2.D) = 2.2, HW(ED: Cp = 100/108,0p =
31728, $5 = 0.5, £10 = «}.2, 220 » 4.7 (-1.2) = 3.52

FMD-16X; BTO-124

510/60MIN., 20RPM, TO = 506A,
S0mTORR

FMD-10X; BTO-13-1

490C/60MIN., 20RPM, TO = 256A,
S0mTORR

Al4, 6): Cp = 2037204, Gp = 51/60, 25 = .2.3%/-1.4 = 1,48, +10
- .3Y (-2.0) = 1.2, £20 = 4.4-2.56 = 1.34; Al4, 4): Cp
= 191/191, Op = 27/64, +$ w -2.7-22 = 0.5, $10 = -2.96/-1.8
® 1,16, £20 = -2.3/(-1.7) = 1.6 Hg(CC): Cp = 146/145.Gp =
16735, £5 = -2.8/-1.4 = 1.4, £10 = (-3.24)/ (-0.64 = 2.6, +20 =
Broks Down; Hg(ES): Cp = 15W/154, Gp = 1829, 45 =
4.2-3.4m 08, £10 = 5.6/-1.56 = 4,04, £20 = (-$.2)/52 =
13.4:Hg(EE): Cp » 147/142,Gp = 34/5], +§ = .2.92/-1.42 = | 5,
£10 = (-3.9)/-0.5 w 3.4, £20 = -4.38/0.88 = 5.76

FMD-11X; BTO-13-2

S10C/30MIN., 20RPM, TO = 256A .

AK4, 6): Cp = 239/238,Gp = 40/99, £5 = -20/-1.9= 0.9, £10
s .3 1/-1.3= 1.8, £20 = (-220/0.6= 2.3;AN4,4): Cp =
2417240, Gp = 44/103, 5 = =08, £10 = -2.9/-1.4 = 1.5,
$20 = (-2,32)/0 = 2.32; Hg(CC): Cp = 126/122. Gp = 12/26,
+5 2 .39/.3.1 =08, £10 » 4.6/-1.8= 2.3, £20 = (-8)/-1.2 =
6.8; Hg(EN): Cp = 103/95,Gp = 3/12, £5 = -2.93/(-0.05) = 2,38,
+10 = .3.36/0.6 = 3 96, $20 = .2,72X-0.2) » 2.52; Hg(EE): Cp
= 112/108, Gp = 10/19, £5 -2, 2-04= 1.3, £10 = -2,6/0=
2.6, £20 = (-2.4)/0.6 » |.8; He(EW): Cp = 92/81, Gp = §/10,
5= w)S, £10m 4.76/-1.56 2 3.2, £20 = (-8.4)/(-0.0) =
7.6:Hg(ES): Cp = 140/121,Cp » 1422, 5 = (-2.20)/0.62 =
1.66, +10 = .2.36/-0.2 w 2,16, £20 = .3.20/0.32 = 3.6

FMD13X; BTO-13-4

490C/20MIN, 256A BUFFER

AK3, 12): Cp = 310/312,Gp = /142, £5 » .3.0/-2.7 = 0.3, £10
= .3.24= 0.8, £20 = .3 8/-1.6 s 2.2:A3, 9): Cp = 138/339,
Gp = 53/171, £5 = .3,0/.2,65 m 0.35, +10 = -3.24/-2.36 = Q.88,
$20 = 4.2-1.4 = 2.8, AK6, |11): Cp = T3/43, Gp = 59/173, +5
= .3,1/-2.65= 045, £10 » .3.5/-2.24 = 1,26, +20 = 4,72/-1.16
= 3.56; Hg(CC): Cp = 73/63,Gp = W11, 25 w» -3.9/.1.6= 2.3,
210w 4.8/-03 w45 $20 = 4.322.0w §.32: He(ES): Cp w
73/63,Cp = $/11, £5 = 4. 4/-2.6m 1.8, £10 = 4.34/-0.64 =
4.2, £20 = .5.6/0.4 = 9.0; He(EW): Cp = 130/128, Gp = 112/111,
+5 = .2,55/.0,62w |.93, £10 = -2.90/.0,] = 2.88, +20 = .3.6/0
= }).6;

FMD03; BTO-13-5

S10C720MIN, 135A BUFFER

AN12): Cp = 409/404, Gp = 1137254, £S5 = .2.23/-1.38 = 0.8,
+10 = .2,26/.0.8 = 1,46, £20 = BreksDown, AK9): Cp =
406/402,Gp = 109/248, 5 = -2.3/-1. 45w 048, +10 =
-2.38/0.84 = 1,54, $20 w BroksDewn;AKZ, 13): Cp = 4011397, Gp
= 1067245, £5 = -2.3/-14= 09, £10 = -23/08w 1.5, $420 =
BroksDowa:Hg(CC):Cp = 110/97,0p » 4243, £5 = -1 .35/-04»
0.95. £10 = -1.4/-0.2 = 1,2, £20 = BeokaDown:Hg(ES): Cp =
101/86,C0p = 12/16, £5 = .1.60/-0.32 = 134, £10 = -2.0/0 =
2.0, £20 = Broks Down:
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FMD-04X: BTO-M-!

SSO'CI‘ZOMIN !33 aum 10K
Al 150*°C Dep &Photo Lith,

C) Cp = 2847280, 0p = 42/148, $5 0.1, :lo = 1.0/1.36 =
0.36, £20 = SONOS;AXES): Cp = 2937218, Gp = 47/154,
+520.1, £10m1,2/1.6 = 0.4, 120 » SONOS;AKEN):Cp =
2037277, Gp = 47/157, £5=0.], £10=0.1, £20 = 4.8/6 =
1.2;Hg(ES): Cp+314/307, Gp = 68/146, +5 = 0.05/0.72 =
0.67, £10 = 0/0.7 = 0.7, £20 = SONOS;HgCC): Cp w 139/184,
Gp » 24/59, £5 =  SONOS, £10 = SONOS, +£20 = SONOS.

FMD-05X; BTO-14-3

$50°C30 MIN.;13SABUFFER :NO
ROTATION:277 am AT EDGE,
200mTORR

Al4, 9): Cp = 3847374, Gp = 217341, £5 = -1.18/0.35 = 1,53,
+10 = .1,3/0.7 = 2,0, £20 = 0.6/2.32 = 1,72;AK6,6): Cp =
430/425,Gp = 1951352, £5 = 0.25/0.78 = 1.0, £10 = 0.3/

1.08 = 1,33, £20 » SONGS, AIQ, 12): Cp+393/384,Cp »
1547294, $5 = -0.37/0.65 w 1.52;£10 = .1.2/1.2 = 2.4, +20 =
SONOS; Hg(1R): Cp = 107/99,Gp = 192/168, £5 = 0, +10 =
SONOS; Hg(2R): Cp = 249/149, Gp w 229/39, £5 = .0.7/1.8 =
2.5, £10 = .0.96/2.3 = 3,28, $£20 = O:Hg(3W): Cp = 142/140, Gp
= 17136, £5 = 3.1/2.1 = 52, £10 = 0.8/1.6= 2.4, +20 =
Beeak Down.,

FMD-06X; BTO-14-4

550°C/30 MIN.;135ABUFFER:NO
ROTATION; 500mTorr

AL, 4): Cp = 338328, Gp = SW/D8, 25 = 0.20.52 = 1.32, £10
= SONOS:AK4, 5): Cp+321/ 309, Gp+58/354, £5 = 0.3/1.45 =
1.15, £10 = SONOS:AK4, 2): Cp+321/314,Gp = 74/189, 25
= 0,6/1.0 = 0.4, £10 = SONOS:Hg(1R): Cp w 74/63, Gp =
3011, £5 = SONOS, £10 = SONOS;  Hg(2R): Cp+86/79, Gp

Cp = 131/ 122, Gp+15/47, 5 = 0.22/1.08 = 0.36, 310 =
0.56/1.26 = 0.7, £20 = Broke Dows.

= $/72, £5« 0.7, £10 » 2,6/5.8 = 3.2, +:20 = SONOS; Hg(IR):

FMD-07X; BTO-14-§

$50°C/30 MIN.;135A BUFFER;NO
ROTATION;10 mTorr

AK12, 13): Cp+3157311, Gp » 122226, £5 = -1.35/-1.15 = 0.2,
210 » 4.01/0.2 = 4,21,  £20 = -1.571.9 = 3.32;AK18, 12):
Cp+319/314,Gp = (TI/275, £5 = -1.65/-0.5= 1.15, £10=
<3.9/0.76 = 4,68, £20 = -3.8/1.8 = 5.6,AK12, 14): Cp = 3227319,
Gp = 104215, £5 = -1.48/-1.34, £10 = -3.5/-0.9 = 2.6, +20
= 2.92/2.4 = 5,32 Hg(R): Cp+170/168, Gp = 31/62, £5 =
-2.05/-0.85 = 1.2, £10 = -3.7/0.7 = 4.4, £20 = -2.2/1.2 =
3.4;Hg(G): Cp+111/97,Gp+18/21, £ = -1,85/0.85 = 2.7, £10
= .3.3/2.0 = 5.3, £20 = -1.6/1.8 » 5.4; Hg(Y): Cp+150/142,
Gp+27/46, £5 = -2.25/-1.25 w 1.0, £10 = 4.4/-0.8 = 3.6, £20
= L1ML0m 28

FMD-19X: BTO-15-i

§504C/30 MIN.:506A BUFFER:NO
ROTATION:50mTorr

AX3, 10): Cp = 165/165, Gp = 29/57, £5 = -3.1/-2.45 = 0.65,
£10 = 3.41/-1.88 m 1,52, 220 = .2.88/-1.0 = 1.33:AL3, T):
Cp = 144/102, Cp = 24/229, £5 = -3.3/-2.9 = 0.4, £10 = .3.7/ -
24 = 1.3, £20 = 4.32/-1.52 = 2.0;Hg(2R): Cp = 133/131,Gp ~
14/29, £ = -2.28/-1.78 = 0.5, £10 = .2.5/-1.56 = 0.94, +20 =
-3.8/-1.2 = 2.6; Hg(4R): Cp= 133/128,Gp = 24/41, +5 = -2.38/
1.4 m 0.44, £10 = .2.6/-1.76 ® 0.84, £20 = -1.4/-1.0 = 3.4,

FMD-20X; BTO-15-2

550*C/30 MIN.;487A LTO
BUFFER:NO ROTATION;200mTorr

AKS, 12): Cp = 285285, Gp = 48/124, £50.15, £10=0.4, £20
= .3,12/-1.8= 1.32; ANS, 12): Cp = 2791278, Gp = 47/125.
+5m0, £10m0.2, $200.4;Hg(2R): Cp = 117/114, Gp =
20721, £5 = -1.58/-1.05, £10 = -1,7/-1.0 » 0.7, £20 = -2.6/-1.0
= | 6:Hg(G): Cp = 199/ 191,, Gp = 132/159, £5 = -1.65/-1.20
=045, £10 = -2.0/1.0 = 1.0, £20 = -2.72/0 = 2,72

FMD-21X: BTO-15-3

550°C/40 MIN. ;487 LTO
BUFFER;NO ROTATION; 200mTorr

AK3, 20): Cp = 2497247, Gp & 2276, £5=0.3, £10 & -2.1/-1.4
® 0.7, £20 = .2.48/.0.4 = 2,08 AK3, 16): Cp = 285/283, Gp =
34/108, £S5 w0, £10~0, £20m0;Hg(1R): Cp = [96/183,

Gp = 141/102, £5 = -1.15/-0.65 » 0.5, £10 = .1.4/-0.44 = 0.96,
£20 = 2,40 = 2.4; Hg(18): Cp = 187/176, Gp = SULI,
£5%0.3, £10 = -1.44/-0.6 = 0.84, £20 = Broke Down.

FMD-23X; BTO-154

$50°C/30 MIN.;487ALTO
BUFFER;NO ROTATION;200mTorr

AK7, 5): Cp » 238/237,Cp = 3T, £5@0.25, £10 = -2.3/-1.64
= 0.66, £20 = -3.4/-2.08 = 1.32;AKS, 5): Cp = 250/249,Cp =
38/92, £5~04, £10 = -2,4/-1.76m 0.64, +20 » Broke
Down;Hg(2R): Cp = 19/80,Gp = |2/15, £ = 2.2/-1.6 = 0.6.
+10 = .2.4/-1.5= 09, $£20 =.2.7U-1.4 = 1 I2:Hg3R):Cp =
121/116,Gp = 74/8], $5=0.5, £10 = .:1.2/.0.16 = 1.04 +20 =
-1.96/1.2 = 3.16.

FMD-24X; BTO-15-$

650°/550°C/2S MIN.;487ALTO
BUFFER;NO ROTATION;200mTorr

AU4, 9): Cp = 2217220, Gp = 4398, £5=0.1, £ 10=0.2,
£20m0.44K5. T): Cp = U7, Gp = 47/108, £5=0.1,
£10m0.2, £20w0.4;Hg(2R):Cp = 103/101,Gp = 28137, £$ =
4 405m 09 £10 = 1.44/04= 1.0, £20 = -1.6/0 @
1.6:Hg(3R): Cp = 130/127, Gp = JU47, £5 = -1.62/ 0.9 = 0.72,

102 .1.7/-0.8 » 0.9. £20 = -2.0/-0.48 = 1.52;




FMD 25X; BTO-16-1

550°C/30 MIN., NO BUFFER:0 RPM
7 KA Al Dot

AUG): Cp m 265/264, Gp = 570/568, +10&£20 Flat No
FERROELECTRIC BEHAVIOR:AKP): Cp = 345/343,Gp =

325/8t11,  NO FERROELECTRIC RESPONSE;Hg(G): Cp =
229228, Gp = 707/707.  NO FERROELECTRIC RESPONSE;

FME 01; BTO-16-2

5$50°C/30 MIN., NO BUFFER: 9
RPM, 1KA Al Dou >

+10;Cp = 3571355, Gp w 176/170, N) Ferroslectric Response At
210 V& %20 V, Broits Down At 40 V.

[FME 02; BTO- 164

470°Cr20 MIN., BUFFER 200A TO,
20 RPM, 200mTorr

All4, 6): Cp = 1527225, Gp =» 42779, £5=1.), £10m3.5,
+20w3.6; AN4, 4): Cp = 117/184,Cp = 28/57, £5~1.4,
+1022.6, £20=3.6; Hg(CC): Cp = 132115, Gp = 109/86,
+S5w1.6, £10~1.7, £20=3.6; He(ES): Cp = 74/62,.Cp =
977, 5= 1.4, :10m4.2, £20=19.6.

FME 03; BTO-16-5

450°Cr20 MIN., BUFFER 200A TO,
20 RPM, 200maTorr

AKID): Cp » 1417258, Gp = 25776, £5w1.3, £10=13.5,
+20m7.12; AX9): Cp = 1467251, Gp = 31/30, £5m 1.5,
$10m3.7, $20=7.2; Hg(COC): Cp » 128/172,Gp » 92/37,
25=1.7, £10~2.8, £20=3.4; Hg(ES): Cp+105/166,Cp =
1713, £5=2.3, £10m4.5, +20m3.6;

300mTORR, RPM 0

seeeee; BT 16-3 550°C/30 MIN., NO BUFFER, 0 +10 V, Cp = 459726, Gp = {75/3, Al4, 15): SONOS;AKS, 18):
RPM +10~0.76, +20 = SONOS.
MVE- | 0PO6 SPUTTERED BTO, Rm.Tanp.120W, |+10 ViCp = 514/18, Gp = 543/14, Ai(4, 7) &AK4, 9) Dot
20u, 3Hr , ANNEALED 650°C SHOWED NO FERROELECTRIC RESPONSE
FME-08; PZ7T-01.1 TO(10), N(40), PZT, $50°C/30MIN., |AKS, 11):Cp = $9/72,Gp = 11/13, £S5 = =0.6, :10= 1.9,
300mTORR. RPM 0, 1 KA A +20m2.2; ANKS, 14): Cp = 51/59,Gp = 9/11, +5=0.35,
£10m1.3, £20m2.4:  Hg(1B): Cp = 48//48, Gp = 10/12,
+Sml3, £10w2.3, £20m2.2; He(2B): Cp = 62/69, Gp =
9/10, £5=0.6, £10=1.7, $20=2.0;
FME-09; PZT-01-2 TO(10), N(40), PZT S50°C/30 MIN,, {AKA): Cp = 61/61, Gp = 129/232, £5=0.1, £10m0.3, £20 =

Broks Down, AKB): Cp = 61/59, Gp = 140/464, £5 =0,
£10m0.2, £20 w Broke Down; Hg(C): Cp = 52/52, Gp = /8,
25m0.7, 1002, £20 = 0/2.6 = 2.6, He(E): Cp+50/50,Gp =
68, £5m0.7, £10m2.2, $20 = 0/2.38 = 2,33,

FME-10; PZT-01-3

TO(10), N(40), PZT 550°C/40 MIN. ,
300mTORR, RPM 20,

ALS, 9): Cp = 46/56,Gp = §/7, £5=0.45, £10m1.8, £20w2.8;
AK3, 6): Cp = 60/66, Gp = 9/10, £5=0, £10m1.1, +20w2.4;
Hg(C): Cp = 27/36,Gp = 6/3, £5= 1.5, £10m3.4, £20=6.8;
Hg(ES): Cp = 41/42,Cp = 4/4, £520, £10~3.0, 220 m4.6;

FME-11; PZT-014

TO(10), N(40), PZT 500°C/40 MIN.
300 mTORR , RPM 20

Al(4, 6): Cp = 40/68,Gp = 12/7, £5=0.6, £10m1.6,+20 ™
SONOCS, AK3, 5); Cp = 46/61, Gp = 6/8, £520.6, +10m 1.4, £20
® SONOS, Hg(C): Cp = 32/52,Gp = 304, £5m2.2, £10m4.5,
$20=6.2; Hg(ES): Cp = 44/53,Gp = 4/5, +5w»2.2, +10=3.8,
+20=4.8,

FME-04; BMF-§i-178

DEP 150°C, 3000A, ANNEAL $30°C
1 KA Al Do,

AL4, 6); Cp = SB/81,Gp = 12/14, £10=2.0, £ 20 m6;ALS, 4): Cp
= 65/87,Gp = 13/15, 10wl .4, £20%3,2;Hy(C): Cp = 56/97, Gp
= 33/53, £5m2.5 $10m3.4, £20m6.8;Hg(ES):Cp = 65/832,Gp =
16721, £5= 1.9, £10 = =31, +20m8.2;

FMD-12X; BTO-13.3

510°Cr20 MIN., 256A BUFFER TO,
200mTorr, 20 RPM, 450aM BTO

Al4, 12): Cp = 2847286, Gp = 42/129, 25 = =0.2, +10 =
2.8/-1.92 0.9 £20 = -2.4/-0.2 ® 2.2, ;Al4, 9): Cp = 2871288,
Gp = 42/128. £5 = =0.2, £10 = -2,8/-2.6 = 0.7, £20 =
-2.6/-0.6 = 2.0, AK1, 10): Cp = 283/285,Gp = 43/126. £S5 =
=02, £10 = .2.6/-1.6 = 1.0, £20 =» .2.48/-0.08 = 2.4, ;Hg(CO):
Cp = 148/123,Gp = 111/26, £5 = -1.90/:1.02 0,96, £10 =
2.2-0.7w= 1.5, £20 = -2,32/-0.2 = 2,12, ;Hg(ES): Cp = 116/111,
Gpm 221, 45 = ~l.], 210 = 4.7/- 18029 +20=
7.6/-0.88 = 6.8, :Hg(EN): Cp = 118/117.Cp = 164/161, £5 =
-1.85/0.82 = 1.06, £10 = .2,04/-0.6 = |44, +20 = -2.4/-048 =
1.92;

PIPT; BMF-Si-18)

DEP 200°C, 2500A, ANNEAL 480°C
IN Hz. 1 KA Al Dota,

AXC): Cp = 70/87, Gp = 1607148, £10 = FLAT, $20 = 6.4,
AXD): Cp = 76/85,Gp ® 157144, £10 = FLAT, £20=4.18,
Hy(C): Cp = 66/30, Op = 110/116, £5= 0.7, £10m 1.5, £20 =
-16/3.4 = 19.6Hg(EN): Cp = TS, Gp » 131/130. £ 10 1.2,
£20 ® -17.7-2.6 = 15.2.

F/P¥; BMF-$i-180

LARGE PIECE. BEST POLY, 200°C,
2800A. ANNEAL Hj, 1 KA Al
Dom.

AKA): Cp+105/40,Gp = 15/5, £10420 » FLAT.AKB): Cp =
47150, Gp = 30727, £10&20 = FLATHg(C): Cp » TU/34,.Gp »
JU40, £5=0.6, £10 » 1.3, £20=12.4:Hg(EN):Cp » 50/59, Gp

= 3S/73, £5=0, £10=1.0, £20 » 10.5.

B-9




FME-15:BTO-17-1 (383-102)

200ATO, 470 C*/19 MIN., 20 RPM,
10 mTORR

AX9, 10): Cp = 68/227, Gp = 31/63, £50.25, £10m1.7,
£20m3.5; AKS, 7): Cp = 1377242, Gp = 28/75, £5=0.2,
£10=0.6, £20=2.5; Hy(CC): Cp = 84/142, Gp = $5/233,
£5m0.4, £10w2.7, £20m8.0; Hg(ES): Cp = 1001205, Gp =
431136, £5=0.5, £102.9, £2010.2; .

FME-16:{383.103] BTL-17-2

200 A TO, 450°C/30 MIN, 0 RPM,
10 mTORR.

AK2, 10): Cp = 208/207, Gp = 37/69, £5 = -2.68/-2.38 = 0.3,
£10 = 2.7/-1.6 = 1,1, £20 = -10.72/-4.48 = 6.24; AKZ. 9): Cp
= 1817181, Op = 32/58, £5m0.15, £10 = -5.4/-3.2» 2.2, £20
= -11.0/-2.88 = 8.12;Hg(EN, G): Cp = 204/199, Gp = 1897216,
250,25, 210 m 4.44/-1.7 m 274, £20 w 7424 =
9.8;Hg(EN, B): Cp = 211/208,Gp = 31/63, £50.3, £10 =
-5.96/-3,1 = 2,65, £20 = -9.4/-0.2 » 9.2;

FME-17;{383-104) BTO-17-3

200 A TO, 450°C/30 MIN, 0 RPM,
10 mTORR.

A3, 14): Cp = 238/237,Gp = 27/68, £5 = -4,77/4,52 = 0.25,
210 = 5,363,084 = 1,52, £20 = -10,72/-4.48 = 6.24;AK4, 12):
Cp = 256/255, Gp m 43/89, £S=0.18, £10 = :3,9/-2.3 = 1.6,
+20 = -6.56/-2,08 m 4.48;Hg(G):Cp = 36/30,Gp = 21/23, +S =
L4418 = 0.22, 210 = -3,1/0 w 3.1, $20 = £, 2/5.0 =
11.2;Hg(P): Cp+163/158, Gp = 25/44, +Sm0.1, £10 = -1.44/-0.8
=064, £20 = -6,2/1.4 = 1.6;

FME-18:BTO- 174

200A TO, 450°C/30 MIN, 0 RPM
50 mTORR.

AKS, 2): Cp = 269256, Gp = 58/115, £5 = .1.5/.0.75 = 0.78,
£10 = SONOS, AXS, 4): Cp = 264/263, Gp = 55/113, £S5 =
-2.35/-1.65 = 0.7, £10 = .2.7/-1.0» 1,7, 20 = BROKE
DOWN; A3, 2): Cp = 266:264,Gp = 59/115, +5 = .1.85/.1.0
= (.85, $10 = SONOS, Hg(2R): Cp = 83/83, Gp = 49/50, £S5
= .0,86/-0.1 = 0.76, £10 = SONOS. Hg(3R): Cp = 182/168,
Gp = 114/120, 25 = -1.58/-:0.65= 0,93, £10 = -1.78/-0.5 =
1.28, £20 = BROKE DOWN;

LE7786-09:BTO-18-1

200ATO, 450°C/20 MIN., 200mTORR
20 RPM.

ION MILLED AT STC

LE7786-10; BTO-18-2

200A TO, 450 *C/20 MIN., 50m
TORR, 20 RPM.

(4, 9): Cp = 199/186, Gp = 2407314, £5 = -0.4/1.05, £10 =
<0.76/1.6 = 2,36, £20 = 1.28/5.2 = 3.92; (4, 7): Cp = 200/196,
Gp = 253/283, £5 = (/1.15, £10 = -0.36/1.76 = 2,12, $+20 =
1.92/5.68 = 3.76; (3, 8): Cp = 201/198,Gp = 201/229, +5 =
0.65/1.65= 1.0, £10 = -0.1/2.3 = 2.4, 220 = 2,383/7.0 = 4,12,

ION MILLED AT STC

FME-19;BTO-18.3

550°C720 MIN. 50 mTorr, 300°C/3
MIN. 200mTorr, 20 RPM.

Hg(CC): Cp = 116/111.0p = 18724, £5 = -0.3/0.05 =
0.35:4£10m0.2, $20 = SONOS;Hg(EN): Cp = 146/141,C0p =
114/125, £5 = .0.25/0.05 = 0.3, £10=0.05, +20 =
SONOS;Hg(ES): Cp = 39/141,Gp = 45/95, £5=0.4, £10=0.2,
+20 = SONOS.

FME-20;BTO- 184

$S0°C20MIN., 10 mTORR, 20
RPM, TO 200A.

All4, 6): Cp = 211/211,Gp = 0.5/57, £5 = .3,65/-2.95 = 0.7,
$10 = 4.9/-2.84= 2,06, £20 = -7.0/-0.2 = 6.3,AKS, 5): Cp =
55/193,Gp = 8/50, £5m0.4, £10m1.76, £206.0;5(CC):Cp =
127/121,Gp = 10/22, £S5 = -2.85/-0.4 = 2,45, £10 = .3.9/0.] =
4.0, £20'w .3.56/-0.2 = 3.36;Hg(ES): Cp = 156/155.Gp =
239/37. £5 = -4.15/-2.05, = 2.1, £10 » .5.38/-1.0 = 4,38, +£20
= .552/-0.2 = 5.32,

FME-12;PGO-1-1

100A TOX/400A NTTRIDE, 0 RPM.

Al(4, 12): Cp = 54/59, Gp = 15/8, £ 10& 1 20& £ 50 NO
FERROELECTRIC  AXS, 11): Cp = 65/75, Gp = 17113,
£10&420 NO FERROELECTRIC  Hg(C): Cp m 62/69. Gp =
#/8. £10&+20 NO FERROELECTRIC WINDOW

FME-21:BT0-18-5

470°C/30 MIN., 10 mTORR, 0 RPM

AKS, 2): Cp = 122/175,Gp = J0/54, £5~ 0, £ 10w 2.1, £20=
6.2 AN6, 3): Cp = 96/176,Gp = 23/62, 45w 0.2, +10~ 1.1,
£20w6.8 Hg(C): Cp = 38/84, Gp = 29/26, +5=0, £10= 2.6,
£20m 6.4 HgCC): Cp = 77/30, Op = 41/48, £S5 a0,
21027, £20m7.2

FMMF-013;BMF-Si- 185

G.T. = 150°C, RTA 600°C, 10
SEC.. IN H/N;, 270 oM AT
CENTER

AK9, 10): Cp = 100/101, Gp w 14/36, ¢5 = 1,]12/3.08= |88,
+£10= .0.1/3.5 =34, $20 w.1.2/108 @ )2.0, AL J): Cp =
114/107,CGp = 16/63, £5 = 0.352.65= 1.3, 210 © 0.5 44
394, £20 = .2.389.2 » 12,08, Hg(CO): Cp = 38/35.Gp =
25/4), £5 = -1.6/3.52® 5,12, £10 = .3.62/4.44 = 8,06, 20
= BROKE DOWN, Hg(ES): Cp » 106/102,Op = 34/6], £S5 =
LTU29S @ 4.67, £10 @ .3324.24 = 748, £20 = -14.8/6.48
= 21.28

FMF-09:BTO-19-1

100A TO/200A NTT.. 450°C/30 MIN.,
50 mTORR, 0 RPM

ANS, ) Cp = 2097209, Gp @ 0.5/52, £3 ® -3.6/.2.15 = 1.4,
£10® 436.1.36m 3.0, £30 = .2.472.88 = 5.28, AKS, 3
Cp = (85/185, Gp = S4/92, +§ = -3.25/.2.2 = 1.0, +10 =
8615 m 2.3, $20 = -1.0/2.36 = 3,36, AK4,2): Cp =
2037202, Gp = 20761, £10 w -3.56/-0.T2 = 2.M4.

LASER FOCUS
PROBLEM.




FMF-10,BTO- 192

100 TOI'ZOO NIT . 450°C/30 MIN
50 mTORR, 0 RPM.

Wt 7| Eapermen ] TewResuls | Comments _

Al(15/14); Cp = 240/240, Gp = 55/101, 5 = -4.25/.3.78 = 0.47,
+10 m 4.7/-3.4 = 1,3, £20 = BK DOWN, AK16,16): Cp =
2077206, Gp = 48/30, +$ = .3,43/:1.75= 1. 73, 210 =
«3.96/:0.74 » 3.22. . Hg(C): Cp = T7/68, Gp = 6/11, £5 =
2.7-1.05m 1,65, +£10 m 344/ 0.56 = 2.88, +20 » .0.6/3.8
w44, Hi(BE): Cp= TN, Gp = 37/87, £ = .2.8/:2.3
® 03, £10=.38-13m 28 £0=.5226= 74,

ents

FMF-11;BTO-19-3

100ATOR00ANTT,, 450°C/30 MIN,
S50mTORR, 0 RPM

AKS, 3): Cp = 214/213, Gp = 46/80, 5 = :).8/-1.9 = 1.9,
210 m .2.36/-0.8 = |56, £20 = .1,72/3.8 = 5.52, Al4, 2): Cp
= 220219, Gp = 54/92, +5 @ -4.05/-2.2= |.15, +10 =
<5.36/-1.24 = 4,12, £20 m 2.88/3.6 = 6.48, Hg(A): Cp =
120/112, Gp = 12720, 45 = -2.4/-1.3 = L1, %10 =..2.7/-0.84
= 1,86, $20 = -0.4/2.4 = 2.8, Hg(D): Cp = 143/139, Gp =
17728, £$ = .2.08/-1.38 = 0.67, %10 = 2311 = 1.2, £20
= BK DOWN.

FMF-12;BTO-19-4

100ATO/200A NTT., 550°C/30 MIN.,
50 mTORR, 0 RPM.

AK13, 17): Cp = 332/380, Gp = 85/192, £5=~0.25, +£10 =
-2.1/1.2= 0.9, +£20 = BROKE DOWN, Alll, 14): Cp =
421/421,0p = 2397239, +£5=-2.6/-21=05, +10=
-2.84/-1.6 = 1,24, +20 = BK DOWN, Hg(lR): Cp =
270/152, Gp = 84138, +5 = .2,55/-0.95 = 1.6, 0=
-2.8/-0.3 = 2.5, +20 = BK DOWN, Hg(2R): Cp = 117/117,
Gp = 61/52, +5 = -1.3/0.3 = 1.6, £10 = -1.86/-0.2 = 1.66,
+20 = .1,12/0.2 = 1.32.

FMF-16;PG0-21

100ATO/200ANTT., RT, 50mTORR,
30 MIN., 0 RPM, FURNANCE
ANEAL

Hg(R): Cp = 44/51, Gp = 1&/9, £1020.6, £20 = -9.28/-8.2 = 1.0

[FMF-17:PG0-2.2

100ATO/200K NIT., RT, 50 mTORR.
30 MIN., 0 RPM, RTA

He(R): Cp = 61766, Gp = 15/46, 25 = -2.8/-2.62= 0.18, 10
= .3,0/-2.56 m 0.4, £70 = -6.1/-0.64 = 6.16

FMF-18;P2T0-2-1

100ATO/200ANTT. 550*C/30 MIN.
300 mTORR. 0 RPM

A3, 3): Cp = 114/114,Cp = 22/49, £5 = 0.4/i. 7= 1.3, +10=
0.56/1.5 = 0,94, 120 = SONOS; AK2, 2): Cp = 101/100, Gp =
1934, +S = 0.52/1.88 w 1.36, 210w O.0/1.7= 0.9, +20 =
SONOS, Hg(A): Cp = 43/43, Gp = 3/9, £5 » -1.3/3.0» 4.3,
+10 = -2,56/4.6 = 6,66, +20 = SONOS; Hg(B): Cp = 50/48,
Gp = 4/8, £S5 =045/4.1 =365 $10=.2.1/4.5= 6.6, +20
= 2.38/4.2 = 1.32,

FMF-19,P2T-2-2

100A TOr200 NIT, $50°C/40 MIN.
300 mTORR. 0 RPM

AK10/15): Cp = 60/46, Gp = 12/23, £10m0, +2020; ALY, 9):
Cp = 82/56, Gp = 26/24, +10m0.2, +20m0.2; Hg(A): Cp =
3711, Gp = 8/12, £5=0, £10=3, $20w3, HgB): Cp =
59/49, Gp = 35727, +5=0, +10m~1.2, $20m3.2,

FME-22:BTO-19-5

550°C/30 MIN., 200 mTORR, 0 RPM

AlS, 3): Cp = 2737271, Gp = 59/132, £5 = .1.7/-0.88 = 0.85,
+10 = .2,1/-0.4 w 1.7, 320 = 0.2/1.28 = 1. 43, Al4, 5): Cp =
272284, Gp = V138, 45 = 3,643,222 0.38, +10 = °
-4.2/:298= 1.2, +£20 m BROKE DOWN, Hg(l1R): Cp =
162/157, Gp = 176/190, +5 = -1.5/0.15= 1.65, 210 =
-1.84/0.4 = 2.24, +20 = .0.72/2.08 = 2.8, Hg(2R): Cp =
63/156, Gp = 11/38, £5=1.4, $10m3, +20 = BROKE
DOWN.

FME-23;BT0-20-1

$50°C/40 MIN. 10 mTORR, 0 RPM

He(C): Cp = 189/187, Gp = 143/173, £5 = -1.5/-0.3 = 0.2; £10
3.0/ -1.24 = 1,76; £20 = SONOS

FME-24.LBTO-3-1

550°C/40 MIN ., 50 mTORR, 0 RPM

AK10, 16): Cp = 3117310, Op = 20116, 25 = -2.38/-1.48 =
0.9. 210 = .2,8/0.76 = 2.04, 10 = .7.3/-0.76 = 2.04, 20
=244 m 6.4, AUS, 13): Cp m 3617361, Gp = 44/164, +5 =
215415 m 0.65, 210 @ 2.8-0.76 = 2.0, £20 = .24.5 =
6.5, Hg(1R): Cp = 102/100, Gp = 25/31, +$ = -2.4/-0.35 =
2.05, £10 =  .2.64/0.3 = 2.94, £20 = BROKE DOWN,
Hg(2R): Cp = 111/108, Op = 9398, £S = .2.53/-0.62 =
153, £10 = 4.6/0.44 = 5,04, £20 =  -7.56/4.08 = 11.64;
AFTER 400°C/1 Hr. BAKE 250uTORROy:  AK10, 13): Cp =
311/308. Gp = 30/114, 210 = -2.62.2 = 4.8, Hg(IR: Cp =
1517244, Gp = 317205, £10 = .2.8/1.8 m 4.6, Hg2R: Cp =
$3/83, Gp = 7/14, £10 = .3.1/1.1 = 4.3,

'FoME-$;LBTO-3.2

100ATO/200ANTT., $50°C,
S50mTORR. 0 RPM.

AK10, 19), Cp = 173/175, Gp = 72/74;2 10 WINDOW = 0; AK10,
9):; Cp = 2187218, Gp = 174, +10 WINDOW = 0. Hg(1R);
Cp = 111/111, Gp = 1220, S = -3.7-1.92= .78, 210 =
4.92.1.0m 3.92, £20 = -9.04/1.6 = 10.64

[FAMFF-10, 3; LBTO-3-3

200A TO, 559°C, SOmTORR. LONG
DEP. 0 RPM.

ALS, 5): Cp ® 112112, Op = 48/46, £10 WINDOW = 0; AKS,

5): Cp = 124/124, Gp = 535}, +£10 WINDOW = 0,

B-11



.4;BT0-20-2/ CIYBCO-
1B

LRI R U A

1450°C/40 MIN., 200mTORR. 0 RPM
, SUPER COND, $50°C/36 MIN 0
RPM

A AT A L

T Sent Back To STC

FMF-7,LBTO-34 YBCO

450°C72 He(SHz), 100ATO/Z00A NTT,
200mTORR, 0 RPM .

Seat Back To STC

RPM

FMF-08;BTO-20-3 100ATO7200ANIT., 450°C/2Hr., AK1S, 10): Cp = 238/238, Gp = $5/95, +20 Window = 0;
SHz., 200mTORR, 0 RPM. AK11, 10): Cp = 218/218, Gp = "4/74, +£20 = Window = 0.
FMG-02;BTO-20-4 450°C/2Hr., SHz., 200mTORR, 0 [AKS, 6): Cp = 2717271, Qp » 114/114, £20 Window = 0;

AKT, 8): Cp w 2527252, Gp = 100/100, $£20 Widow = 0

[FMG-01;LBTO-2-1

450°C/2Hr., SHz., 200mTORR, 0
RPM

AKG, 4): Cp = I58/158, Gp = 37737, £20 Window = 0;
AK4, 5): Cp = 176/176, Gp = 50/50, £20 Window = 0.

FMF-20,BTO-23-3

YTTRIUM BUFFER: YSZ-1-1;450°C/
20 MIN., 10 Hz, 0 RPM, 5E-4 O,,
BTO 450°C2SMIN., 10Hz, O
RPM. SE-4 O,.

INDIUM DOTS ON TOP BTO HAD HIGH CONDUCTIVITY; £2
VOLTS =0.1 ¥ WINDOW

FMF-23;LBTO-1-1

450°C/40 MIN., 200 «TORR, [TO
DOTS ON LBTO, 0 RPM.

ITO(3, 4): Cp = 185/174, Gp = 1034/1006, +£5 = 0/0.43, £10 =
-0.2/0.64 = 0.84, +20 = 0.8/2,36 = 1,56; [TO(3, 6): Cp =
2107201, Gp = 1257/1218, +$ = -0.2/0.35 » 0.55, +10 =»
0.4/0.5w 0.9, £20 = 1.0/2.8 = 1.8; Hg(1R): Cp = 2751264, Gp
= 576/619, +5 = ., $£10m0.1, $20 = BROKE DOWN,
He(2R): Cp » 202/198, Gp = 99/133, $£5=0.1, £10w0.2,
+£20 = SONOS, Hg(OR): Cp = 347327, Gp. = 496/554,
+5w0.1, +10m0.2, +20 = SONOS.

FMF-24;LBTO-1-2

450°C/40 MIN., S0mTORR. 0 RPM,
ITO DOTS.

ITO(, 5); Cp = 183/189, Op = 1223/1203, £50, :10m0,
+£20m0, [TOG, 3): Cp = 285/275, Gp = 6777705 £5 =0,
+10m0, £20m0. Hg(1R): Cp = 487/452, Gp = 1520/1589,
£5=0, £10=0, £20=0. Hg(OR): Cp = 130/129, Gp =
2/79, £5m0, £10w0.1, £20=0.2,

FMF-25;LBTO-1.3

450°C/66MIN., SOmTORR, 10Hz,0
RPM, TiW 700A DOTS ON LBTO

TIW(S, 4): Cp = 2757263, Gp = 1078/1098, £10 = 0, +20 = O;
TIW@, 6): Cp = 189/177, Gp = 1587/1551, £10 = 0, +20 = 0;
Hg(OR): Cp = 153/151, Gp = 176/195, £10 = 0, +20 = 0;
Hg(3R): Cp = 164/162, Gp = 61/83, £10 = 0, +20 = 0;

FMG-3;BTO-21-2/ PGO-2-3

BTO 450°/5 MIN. 200 mTORR, 0
RPM

FMG=;BTO-21-2 R T./40 MIN. 200mTORR, 10Hz, 0 |Hg(G):Cp = 12.6, £20=2.0, Rg(E); Cp = 19, £20% 1.4,
RPM Hg(B); Cp'= 13.7, +20~1.4.
MG-12,LBTO-24 450°C/40 MIN. 10Hz, S0 mTORR, 0

RPM

FMG-1X;BTO-214 (FMG-25) |450°C/30 MIN., 200mTORR, [0Hz, [Hg(R:Cp = 201.4, +10=2.45, Hg(Q); Cp = 200.4, +5~1.8,
0 RPM Hg(N); Cp « 202.3, +20w2.4, Hg(L); Cp = 146.6, +£10m11,
Hg(K); Cp = 144.8, £5~1.8, Hg(E);Cp = 146, £20m14.8,
Hg(D);: Cp = 223.3, +5=~1.68, Hg(C); Cp = 225.3, Hy(B); Cp
=225, $20m~2.9.
FMG-3X:BTO-21-6 450°C/30 MIN., S0mTORR. 10Hz. Hg(F):Cp = 488, +10w0.45, Hg(E);Cp = 395, +20~0.8,
0 RPM HgoC); Cp = 293, +£10~0.3, Hg(A);Cp = 290, +20m0.7.

[FMF-22,LBTO-2-3

450°C/40MIN.. 50mTORR. 0 RPM,
1400A TIW DOTS ON LBTO

TIW(. 4); Cp = 490/460, Gp = 1005/1135, £10 = 0, 20 = 0,
TIW(2, 4): Cp m 637/599. Gp = 850/1139, £10 = 0, +20 = 0
Hg(1R): Cp = 3447332, Gp = 652/782, £10 = 0, +20 = 0;
Hg(2R): Cp m 432/412, Gp = 652782, +10 = 0, 120 = 0;

FMG-13;LBTO-14

$50°C/30MIN., 200mTORR. 0 RPM,
600A QUARTZ CAP (SPUTTERED)

Hg(1R): Cp = 103/103, Gp = 1627, £5 = 1.32/2.08 = 0.76,
+10 = 1.0672.2 w |.14, £20 = 1.4/3.52 = 2,12, Hg(2R): Cp =
97/96, Gp = 16/25, +£5 = 1.25/1.92 = 0.67, £10 = {.12.2 =
1.1, £20 = 0.8/3.12 = 2.32;

FMG-2X;BTO-21-5

450°C/30MIN., S0mTORR. 0 RPM,
600A QUARTZ CAP

Hg(1R): Cp = 2137210, Gp = 1587208, £5=0.2, £10=Q.1,
+20~0.2, Hg(2R): Cp = 148/148, Gp = 66/108, +5 = 0.5/0.65
= 0,15, £10 = 0.5/0.9 = 0.4, +20=0.4.

FMG-$X;LBTO-2-5

550°C/30MIN., 200mTORR. 0 RPM,
200A OX BUFFER ~~AFTER 600A
SPUTTERED QUARTZ CAP

NO CAP: Hg(CO):Cp = 151/150,Gp = 1637, 25 = .3.222.58 =
5.8, £10 = .2.2/3.2 = 5.4, $£20 = BOOKE DOWN; Hg(1R):Cp
= 239/233, Gp = 173/227, £5 = -0.65/0.1 = 0.7, £10 =
-0.05/0.45 = 0.4, +20 = BROKE DOWN;——CAPPED:
Hg(CC);Cp = 19/89, Gp = 35/18, +5 = .1.1/0.35 = 0.75, %10
=:1.270= 1.2, £20 = 1.0/1.08 = 0.88, Hg(R):Cp = 114/114,
Op'm 18729, £5 = .1.68/:0.38= 1.3, £10 = .1.34/0 = 1.84,

+20 = .1.0/1.0 = 2.0,




FMGX:BTO21+7

"[Hg(O): Cp = 152147, Gp = T7/98, %3 ® -0.74/3.08 = 3,83; 10 [

= 0,6/2.01 » 1.41; £20 » SONOS; Hg(1R); Cp = 312/298, Gp =
633/689, 250, £10 = SONOS.

PENN. ST. BTO ON si

NO OBSERVABLE HYSTERESIS

PENN., ST, BTO ON
NITRIDE

Hg(l)i Cp = 166.5, £10m0.6, Hg(A); Cp = 130, 220356,

[PENN. ST, PGO ON Si LG-31

He(A); Cp = 34.36/736.27, Gp = 2.3/4.5, 252,68, +10m5.6,
+20~ 7.0, AFTER ANNEAL 500°C/2Hr. 250 mTORR OX.

Hg(AA):Cp = 70.84/65.17, Gp = 20/17, £5wQ, £10m$.5,

+20m8.8

PENN. ST, PGO ON Si LG-32

Ha(0); 23025, Hg(F)iCp = 32.42, £42=22.5, Hy(B)iCp =
32.22, 235175, He(D):Cp = 31.53, £30m38.5, He(C);Cp =
30.32, +10=3.6 ANNEAL $00°C/2Hr. 250mTORR OX. Cp =
45.64/42,15, Gp = 14/8, :S5w0, £10m1.9, +20 = SONQS.

PENN. ST. PGO ON i LG-33

NO OBSERVABLE HYSTERESIS

PENN. ST, PGO ON Si LG-34

Hg(E):Cp = 39.72, +50md, Hg(C); £50~6.1

FMG-6X; BTO-22-1

550°C/30MIN. 200mTORR, 0 RPM.

He(C): Cp = 184/120, Gp = 248/342, 1S5=6.1, £10 = 2.1/8.8
= 8.7, $£20 = SONOS; Hg(IR); Cp = 207/198, Up = 255/355,
450, £10 = SONOS

FMF-21; LBTO-2-2

$50°C/40MIN. SOmTORR, 0 RPM

He(C); Cp+529/507, Gp m 401/622, 25 = 0.620.9 = 0.28, %10
= 0.4/0.96 = 0.56, £20 = 3.2 = 1.2; Hg(1R); Cp = 208/205,
Gp = 16/56, +5 = 0.15/0.52 = 0.37, £10 = 0/0.76 = 0.76,
420 = BROKE DOWN,

FMG-14; LBTO-1-5

550°C/33MIN. 200mTORR. 0 RPM,
BUFFER Ox/NITRIDE OXIDIZED

He(IR); Cp = 29272883, Gp = $13/562, £50.25, +10a0.5,
£20 = 1.0/1.92 = 0.92, Hg(C); Cp = 459/457, Gp = 351/478,
+5m0.3, £10 = -1.641,06 = 0.54, £20 = 1.0/2.52 = 1.52.

'FMG-15; NBTO-1.1

OX/NTIT. BUFFER. $50°C/30 MIN.
200 mTORR., 0 RPM.; TiW Doms
Deposited Through Mask

Ha(C)iCp = 146/146, Gp = 14/29, 1S = -0.93/0.07 = 1.0, +10
= .1,24/036 = 1.6, £20 = 0.2/2.6 = 2.4; Hg(R); Cp = 136/185,
Gp = 90/119, £5 = -0.88/-0.28 = 0.6, +10 = .1.1/0.08 = 1,15,
420 = 1.072.6 = 1.6.

TIW(G, 8):Cp = 705/632, Gp =
T78/1498, £5 = 0.55/:0.1 = 0.45, +10 » .0.3/0.2 = 1.0;
TIW(S, T); Cp = 596/570, Gp = 663/889, +5 = .0.5/0.2 = 0.7,
410 = .0.83/0.64 » 1,44, +20 = .0.48/2.2 = 2.63

FMG-16; NOPZT-1-1

RT.730 MIN, 200mTORR. 0 RPM.
RTA 650°C/10SEC 05,

Hg(C); Cp = 14/13, Gp = 0/1.4, £5m7.2, +10ml4, +20 =
-0.2/19.2 » 19.4, Hg(1R); Cp = 1413, Gp = 0.7/1.1, £5=8.6,
+10 = .3.3/9.5 = 12.8, +£20 = BROKE DOWN

FMG-17; NOPZT-1-2

550°C/30 MIN, 300 mTORR. 0 RPM

Hg(C): Cp = 36729, Gp » 6,7/14.3, £5wl, +£10 = .2.6/7.1 =
9.7, +£20 = BROKE DOWN; Hg(1R); Cp = 66/62, Gp = 10/44,
+5 =.0.95/1.1 =205 £10=.1.53.6=51, £20=-.02/4.6
=43

FMG-18; NBTO-1-2

550°C40 MIN, 200mTORR, 20 RPM
QUARTZ CAP = 624A, TiW DOTS-
1620A

Hg(C): Cp = 2751269, Gp = 365/912, +£5=0.3, +10=0.6, $£20
= BROKE DOWN, ; Hg(EN); Cp = 161/159, Gp = 14/39,
50,15, £10m1,0, £20 = SONOS. TIW3, 6), Cp = 274/271,
Gp = 135/190, +5 = 0.49/1.61, £10 = 0.5/1.9 = 1.4, £20 =
1.6/3.52 m 1.92; TIW(7, 9); Cp = 385/330, Gp = 341/400, +5 =
3.38/-2.58 = 0.8, +£10 = .3.4472.16 = 1.28, £20 = -2.2/-0.2 =
2.0.

FMG-19;NBTO-1-3

550°Cr20 MIN, 200mTORR. 20RPM,
30Hz

HE(EN); Cp = 193/191, Gp m 46/82, +5 = -0.2/0.7 = 0.9, £10
= 0.2/0.7 » 0.5, £20 = BROKE DOWN; Hg(EEN): Cp =
187/184, Gp = 76/103, +5 = -0.75/0.48 = 1.23, +10 = -0.9/0.6
= 1.5 £20=.0272,00 = 2,28,

07X:NBTO-2-1

.

550°C/40MIN, 200mTORR, 20RPM,
10 Hz, BUFF. = 200A TO. -

Hg(C): Cp = 2507271, Gp = 904/1562, £5 = -0.1/0.) = 0.2,
410 = 0.05/0.76 = 0.71, $20 » BROKE DOWN, Hg(EN);Cp =
602/561, Gp = 3397705, +50.2. 10 = .1.0/.0.64 = 0.36,
+20 = BROKE DOWN

FMG-20;NPZT-1.3

RT./1SMIN. 200mTORR, ORPM,
10Hz, RTA 650°C/10SEC,

He(C); Cp = 41/41, Op = 0.3/15, t5~1.75, 210w 1..33 8=
2.5. £20 = SONOS; Hyg(1R); Cp = 50/49, Gp = 4/6, +S=2.4,
£10 = 2/4.6 = 2.6, £20 = BROKE DOWN.

7_!69- 1:NBTO-2-2

550°C/40MIN. 200mTORR, 20RPM,
10Hz.

“{{7869-2:NBTO-2.3

BUFF.OX/NTT/OXIDATION;
500°C/60MIN., 200mTORR,
20RPM, 10Hz,

.




Appendix C:  Westinghouse 8K FERRAM Test Vehicle Design Description

‘The 6083 FERRAM maskset consists of four different designs incorporating ferroelectric technology. These
four designs are the 6081, 6082, 6084, and 6085 chips. the 6081 chip is the 8K SONOS EEPROM designed
by Sandia National Labs (SNL) and successfully built at ATL as the 6071 chip. The 6082 and 6084 chips
are the SNL test pattern chip and the Westinghouse- designed test pattern chip, respectively. They were also
included on the 6073 maskset as the 6072 and 6074 chips. The 6085 is a SNL~designed test chip consisting
of various "SELF-STRESSING" circuits.

The modifications to the 6071, 6072, and 6074 designs consisted mainly of "Biteching" to the new process/
mask layer sequence, and changing the appropriate SONOS-ferroelectric-related layers in the memory devices
as well as adding Via and Metal-2 to the designs (the original 4uM SONOS process is a single level metal
process). On the 6081 chip, the only modifications made were in the core memory array, where it was
necessary to change the poly-memory-gate shapes to Metal-1, and add Via and Metal-2. The following pages

"describe the design rules, projection plate composition, and contents of the test chips.

C.1 Sandia Design Rules Extracted from "SA3776 DWG" (CALMA L6070)

1) 1.0 P-well

a)min, Width . . ... e i e e e e e e e 22 um

D) MiN. SPACE . . . e e e e e e 26 um
cyrec.spacgta L2 . ... L. e e e e 1 um; buting
OK

d)Space 10 LG . . L e e e e e e e 19 um
2)2.0P+ GB,

amin, width . . . e e e e ... 4um

D) MUD. SPACE . o ot i e e e e e e e 16 um

3) 1.0 Thin oxide cut (device window)

8) MM WIGHR . . o\ oes e e e e o 8 um
D) MiN. SPaCe (M) . o it e e e e e e e 8 um
C) MIM. SPACE (P4) . v v vttt it e e e e e e e 12 um
4) 4.0 Poly 1
a) min, Width . . . e e e e 4 um
b)min. space ... .. ... ... e e e e 4 um
Cyoverlap Of L3 (N-Ch) . v v i i i e e e e e e Oum
d)overlap of L3 (p=ch) . . . . .. i i e e e 4 um
5) L.O N- implant (extended-drain)
) min. Width . . .. e e e e e e 8 um
~ b) overlap of L4 (channe! length direction) ................. ... . v, 2 um
Cc-1



6) 6.0 P+ implant _ .
aymin. width. . ......... e e e e ‘oo, 8um
b)min. space . . .. ... i N Ve e e 8 um
cJoverlapof L3 . ........... ... 0. et e e v. 3um
7) 19 Consact window
amin.width, ................ i e Ceve e veee 3um
b) min, space . ......... e et et ettt e e e ces 4um
c)enclosedbyLd ... ........ ... i, et e, 25um
d)enclosedbyL1S ............ . v Ce e ettt ve. 3um
e)enclosedby L6 . ......... ... i, e et N 2.5 um
flenclosedby L16 ... ....... ... i, f et et 2.5um
B spaceto Ld . ... i e e s e e 2.5um
h)enclosedby L3 . ...... ... ¢ i e e et 2 um
j)enclosedby L8 ............... e e it eeaaieasiee. 0S5um
8) 8.0 Metal
aymin.width, . . ........ ... i i N e e e e e 4 um
b) min. space . ...... et e a e ettt e e 4 um
9) 2.0 Bond pad etch
a)enclosedby L8 . .. ...... ... . i ., e, 4 um
10) 12.0 Memory gate
a) overlap of L16 (channel width direction) . ... ......... ... e 3.75 um
B)overlap of LIS ... e e e e e e 4 um
11) 15.0 Poly 2

same as for poly | (4a-d)
12) 16,0 N+ implant
A min Width ... e e e e e e e e e 8 um
D) min. SPaCe . ... e e e e e e e e 8 um
O SPace to L2 . . . ... e e e e e e e e 4 um
13) 18.0 Poly 2 stringer etch
Q) MM, SPACE . . it e e e e e e e 4 um
b)overlapof LIS .............. A N 2um
O SpaCB tO Ld . .. . L e i et e e s fo. 2um

14) 23.0 Field adiust imol

Q) MU SPACE . . . e e e e e e e 4 um
D)overlapof L3 (p-ch) .. ... . i i i e e e Ve Sum
coverlap Of Ll . . . i i i e e e e e e 11 um

.
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Westinghouse 4 um FE/SOS}OS/CMOS CALMA '_and Mask Levels for Ferroelectric Version of..
Sandia EEPROMs. (Calma Libraries L6080, L6081, L6082, L6084)

WEC Fill Mask Mask
CALMA Code Level Rescription

. Alignment
. N-well
P-well
N+ Guard band
P+ Guard band
Device window
Non-mem poly
. N- implant
N+ implant
P+ implant
Contact
Memory window
FE removal
Metal 1
Via
Metal 2
Overcoat

1 The N-well layer (L1) is generated by DRC program,
* DRC sizing required. |

C.3  Alignment Tolerances

- - -
[}

-4

]
-4

)
-4

[}
-4
Lok |
O
-4
o]
-
-4

-]
N
-4

Baseline Level Name 10

[
%

]
Loy
'.J
»
'
th

Alignment

1
Sequencs 1

Alignment

N-Well

>
»

A

P-Well

N+ G.B.

P"’ G‘BO

PDev, Window

ielulujwiw] o]

Poly

wjwinvialslolel] wi ol

N-Implant

winlvlsjwluivw]w] o] o!

N+Implant

Riwinivirlw]wlwle] o

P+Implant

Hlwlslwlwinialataial w

[N I B I B

Contact

++++ 4+ 444

Hivjelaleioijwlunjrinin] &

Mem.Window

T YT T T T TTTYrTTTT

Winijwliasjwiwlvialalelel w

-

-

::gomqomaunp o

F.E.Removal

Metal 1

'PbUN&U\&JsNU\mmU‘ LS

-

-
'
L

Via

=invjejeluidiialwlwleloleleole) »

() T PPN 1T PN PY

Metal 2

r
[
w

LN B N B BN S BN B B B B B

-
[y
[

Overcoat
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Figure C-2:  The 6082 FERRAM/SNL ICAL Test Chip
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The 6084 FERRAM/WEC ICAL Test Chip

Figure C-3:
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C4 Description of "TA751_ATL" 4 um FENVICMQS Test Chip

CALMA Library
CALMA Structure : TA751_ATL

: L6082

Following s a listing of included in the ni {sets:

(1) TP13_ATLP

This padset consists of SNL Module-13 structures (eight 8/4 FENV transistors) and also SCR structures
C, D, and E (Tx= 13, 10, and 8 um, respectively). See figures 1-1 and 1-2.

FENYV pinouts (one pin for source and P-well)

Source

20
23
13
10
34

Gate

18
21
11

8
k7]

FENY pinouts (separate pins for source and P-well)

Source

16
26
30

Gate

14
24
28

N-substrate pin 7

SCR C:
SCR D:
SCRE:

N-sub §
N-sub 3
N-sub 1

(2) RESIST_CAP_ATLP
This padset consists of the six SNL capacitors (A, B, C, D, E, and F), poly Van der Pauw (pins 27-
32... see figure 10), metal Van der Pauw (pins 21- 26), N+ resistor (pins 19, 20), P+ resistor (pins 36.
37), and the current mirror circuit.

A. Capacitor A ls a metal gate capacitor in p-well with P+/P+ GB under gate. Its area is 0.5

x 106 pm (Pins 4,3).

B. Capacitor B is a metal gate capacitor in p-well with P+/P+ GB under gate. Its area is 0.3 x

106 um2. (Pins 4,5,6 P-well).

Drain B-well
19 20
22 23
12 13
9 10
3 34

Drain B-well
15 17
25 27
29 31

P+ 6
P+ 4
P+ 2

P-well 36 N+ 35
P-well 38 N+ 37
P-well 40 N+ 39

C. Capacitor C is a metal gate capacuor in p-well with P+ GB under gate and a P+ halo around
gate. Its area is 0.3 x 105 um2. (Pins 34,33,7 P-well).

D. Capacitor D is a poly 1 capacitor in a blanket p-well and guardband substrate with P + halo
Its area is 0.3 x 105 um2, (Pins 2,1).

c-7



E. Capacitor E is a poly ‘1 capacitor in p-well with P+ halo. Its area is 1.0 x 106 pmz.
(Pins 40,1).
F. Capacitor F is a poly 1 capacitor in n-well with N+ halo. Its area is 1.0 x 106 umz.
(Pins 39,38). -
(3) A_TOJ_ATLP
This padset coansists of SNL transistors A to J (ten total).
A. An NMOS transistor with W/L of 40/4 (C4810_CEL).

source 2 gate 40 drain 39 P-well |
B. An NMOS transistor with W/L of 100/10 (C4820_CEL).
source 4 gate 38 drain 37 P-well 3
C. A PMOS transistor with W/L of 40/4 (C4830_CEL).
source 6 gate 36 drain 35 N-sub §
D. A PMOS transistor with W/L of 100/10 (C4840_CEL).
source 8 gate 34 drain 33 N-sub 7
E. A PMOS poly field oxide transistor with W/L of 22/14 (C4850 CEL).
source 10 gate 32 drain 31 N-sub 9

F. A PMOS metal field oxide transistor with W/L of 22/14 (N+ GB under
gate) (C4860_CEL).
source 12 gate 30 drain 29 P-well 11

G. A PMOS metal field oxide transistor with W/L of 22/14 (no N+ GB under
gate) (C4910_CEL).

source 14 gate 28 drain 27 N-sub 13

H. An NMOS metal gate transistor with W/L of 26/18 (no GB under gate)
(C4920_CEL).
source 16 gate 26 drain 25 P-well 15

I. An NMOS poly transistor with W/L of 26/18 (no GB under gate).
(C4930_CEL).
source 18 gate 24 drain 23 P-well 17

J. An NMUS inetal gate transistor with W/L of 26/18 (GB under gate).
(C4940_CEL).
source L0 gate 22 drain 21 P-well 19

c-8




(4) K.TO_T.ATLP - ,
This padset consists of SNL transistors K to T (ten total).
K. An N-FENYV transistor with W/L of 8/4 (C4950_CEL).

P-well | source 2 drain 39 gate 40
L. An NMOS poly field oxide transistor with W/L of 26/18 (no GB under gate) (C4960_CEL).
P-well 3 source 4 drain 37 gate 38

M. An NMOS N-extender transistor with W/L of 40/4. This transistor differs from A in that the area of
the source and drain is larger. Space from oxide to poly is 11 microns instead of 8 microas(CS010_CEL).
source 6 gate 36 drain 35 P-well §
N. An NMOS N-extender transistor with W/L of 30/3 (C5020_CEL).
P-well 7 source 8 gate 34 drain 33
O. An NMOS N-extender transistor with W/L of 20/2 (C5030_CEL).
P-well 9 source 10 gate 32 drain 31
P. A PMOS transistor with W/L of 30/3 (C5040_CEL).
N-sub 11 source 12 gate 30 drain 29
Q. A PMOS transistor with W/L of 20/2 (C5050_CEL).
N-sub 13 source 14 gate 28 drain 27
R. An NMOS metal field ‘oxide transistor with W/L of 26/18 (no GB under gate) (C5060_CEL).
P-well 15 source 16 gate 26 drain 25
S. An NMOS metal field oxide transistor with W/L of 26/18 (GB under gate) (C5070_CEL).
P-well 17 source 18 gate 24 drain 23 .
T. An NMOS poly field oxide transistor with W/L of 26/18 (GB under gate) (CS080_CEL).
P-well 19 source 20 gate 22 drain 21

(5) C3542C_ATLP

The following structures are included:

* analog cell C

* exploded CM5X_CEL (from analog cell B) -
* exploded TRIGGER_CEL (from analog cell B)
* n-channel transistor (from analog cell A)

* N- implant only transistor (from analog cell B)

a) 18/30 N- implant only: source 6 gate 8 drain 7
b) 7/11 P+ xtr: source 12 gate 14 drain 13
¢) 7/90 P+ xtr: source 15 gate 17 drain16
d) 9/30 N- implant only: source 18 -gate 20 drain 19
e) 18/30 N- implant only: source 24 .gate 22 drain 23
f) 18/60 N- implant only: source 27 gate 25 drain 26
g) 10/30 NMOS: source 36 gate 34 drain 35
N-sub 21
c-9




-

(6) DIODES_ATLP :
This padset consists of the foliowing:
* C2210C_CEL (p-channel 40/4 metal transistor with no' memory cut)
N-sub 20 source 19 gate 21 drain 22
* N+ to P-well diode
N+ 10 P-well 9
* P+ to N-sub diode
P+ 11 N-sub 12
® Metal Van der Pauw (structure Y)
pins 17, 18, 23, 24
* Poly Van der Pauw (structure W)
pins 15, 16, 25, 26
* INV_CEL (from analog cell A)
* CMS5X_CEL (from analog cell A)
* LSHIFT_CEL (from analog cell A)
* TRIGGER_CEL (from analog cell A)

(7) TP3 9 ATLP

This padset includes SNL Module 3 (small m- nory arra;y) 2ad Modvie 9 (n and p-channel transistors):
Module 3 is a 4 row by 3 bit memory array. 1% sc.erusic for bic.iule 3 is shown in fig.-e 7-1. It
contains a "dummy" row as can be found in the SAI799, SA3612, and S#.5182. In this <ase, hov wver,
both the MNOS and NMOS gates are tied to the p-well, w!.ereas in he ac:ual array it is just the MNUS
gates. The sizes, in microns, of the transistors ar= shown v parentheses. The width of the transistor is
shown before the '_’ whereas the length of i\'c trarsisto. fhilooos the "', The alpha character is the
transistor type; P for P-channel, N for N-chanpel

Drain Gate Source P-well

8/2.4 N-FENV 9 10 31 36
8/4 NMOS 3 37 31 36
100/10 NMOS 2 : 37 31 36
50/5 NMOS ! 37 31 36
40/4 NMOS 40 37 31 36
2 series

4/16 NMOS 39 37 31 36
4/16 NMOS 38 37 31 36
100/10 PMOS 32 35 31 6
40/4 PMOS 34 35 31 6
40/4 PMOS 33 35 31 6

with 2x drain contact-to-gate space

c-10




(8) TP14_ATLP ‘ - _ S
This has the same structures as SNL Module 14 except for two fewer of transistors C2210A_CEL and

C2210_CEL, it also includes transistors 1-5 below. See figure 8.
1. An NMOS poly gate oxide transistor with W/L of 26/26 (GB under gate)
(C5081_CEL).
source 21 gate 19 drain 22 P-well 20
2. An NMOS metal field oxide transistor with W/L of 26/18 (GB under gate)
(CS082_CEL).
source 23 gate 17 drain 24 P-well 18
3. An N-FENYV metal gate oxide transistor with W/L of 26/20.6 (GB under
gate) (CS083_CEL).
source 25 gate 15 drain 26 P-well 16
4. An NMOS metal gate oxide transistor with W/L of 26/20.6 (GB under gate)
(CS084_CEL).
source 27 gate 13 drain 28 P-well 14
5. An N-FENV metal gate oxide transistor with W/L of 26/26 (no GB under
gate) (CS085_CEL). ,
source 29 gate 11 drain 30 P-well 12

S

FENYV N-channel transistors

source - gae drain P-well

8 10 9 7

33 31 32 34

4 6 5 3

37 35 36 38

FENYV P-channel transistors
source gate drain N-sub
40 2 39 1

(9) C2200_CEL
This is kept exactly as SNL Module 13, it is NOT padded out to 2x20 padset per SNL's request. TP!3
ATLP is the Westinghouse-testable version of this Module.




C.5

1)

2)

3)

4)

5)

6)

7

Description of L6084 " WECPM_ATL" 4 um FENV/CMOS Test Chip

List of structures placed in L6084 "WECPM_ATL":

M_POL_CWSTR_ATL
(padset A)

M_NPL_.CWSTRATL
(padset A)

M_POL_RSCT_ATLP
(padset A)

MCVERP_RSCT_ATL
(padset A)

M_RSCT_NOM_ATL
(padset A)

DCHAIN_ATL
(padset A)

MODEL_XTRS_ATLP

(padset B)
NMOS
WL G DR
50/50 22 23
50/s 24 25
50/4 26 27

a metal to poly contact string consisting of 4800 3um X 3um
contacts (pins 4,5), and tap for 160 contacts (pins 5,6)

a metal to N+ contact string consisting of 4800
3 um X 3 um contacts (pins 23, 24), and a tap for 160 contacts (pins 18
23). P-well contact is pin 17.

a poly resolution/continuity structure consisting of vertical

poly serpentine inside poly comb (LW-4um, LS-4uM) over horizontal
device window stripes (LW-8um, LS-8uM) over P-well with P-well
contact.

poly combs . pins 36, 38
poly serp : pins 37, 39
P-well . pind40

a metal over poly resin/cont structure consisting of vertical
metal serpentine inside comb (LW-4um, LS-4um) over horizontal poly
serp/comb (LW-4um, LS-4um)

poly serp ¢ pins 12, 33
poly combs :  pins 29, 30
metal serp : pins 9, 10

metal combs :  pins 31, 32

a vertical metal serp/comb structure (LW-4um, LS-4pm)
metal serp :  pins 13, 14
metai combs :  pins 27, 28

a gate delay chain consisting of 100 inverter gates
(Wp-32um, Wn-15um)
in 26 out 10 vdd 15 vss 25

various sized NMOS and PMOS transistors for modeling
purposes, common source and common substrate connected 50x50, 50x5,
S50x4, 50x3, 50x2, 12x4, 8x4

PMOCS
WL ¢ D
50/50 19 18
505 17 16
50/4 15 14
c-12
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R

8)

50/3 28
50/2 30
12/4 32
8/4 34
source 36
P-well 21

*40/4 NMOS annular transistor:

source 40

*40/4 PMOS annular transistor:

SONOS_XTRS_ATLP

source |
(padset C)
N-FENV
wi G
10/5 2
10/4 4
10/13 6
10/2 8
source 10
P-well 1
*P+

M1

* poly
M1

* M2

Ml

* N+

M1

D

O~ W

* 26/26 PMOS

29 503 13 12
31 502 11 10
033 12714 9 8 i
35 84 7 6
source 5
N-sub 20
drain 39 gate 38 P-well 37
drain 2 gate 3 N-sub 4

various sized N-FENYV transistors, common source and common

substrate connected:
10x5, 10x4, 10x3, 10x2
a P+, an N+, a Poly, and a Metal | Kelvm contact a 26x26 PMOS

transistor with N+ G.B. under gate

P-FENV
WL G R
10/5° 39 38
10/14 37 36
10/3 35 34
102 33 32
source 31
N-sub 40
: pins 11, 12
: pins 30, 2)
. pins 13, 14
: pins 28, 27 .
: pins 18§, 16
: pins 26, 25
: pins 17, 18
. pins 24, 23
source 20 gate 22 drain 21 N-sub 19
C-13
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10)

11)

SRP_ATL

JC_TBS

JC_VERTNPN :
(padset A)

JC_MPCAP
(padset A)

spreading resistance probe structure (N-well, P-Well. N+G.B. P+ G.B.,~
N-iniplant, N +implant, P+implant; ali 125xm x 800um

TBS structure (a 25 x 25 array of 8umx4um PMOS transistors)

a vertical NPN device

N-sub : pin 1.7
P-well : ir: &
N+ nlé

!

a 1000umx1000um poly ‘in 21)
to metal one (pin 20) énpacitor.
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APPENDIX D: PULSED LASER DEPOSITION (PLD) PUBLICATIONS
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PULSED LASER DEPOSITION (PLD) OF ORIENTED BISMUTH TITANATE FILMS
FOR INTEGRATED ELECTRONIC APPLICATIONS

H. BUHAY, S. SINHAROY, M. H. FRANCOMBE, W. H. KASNER,
J. TALVACCHIO, B. K. PARK, AND N. J. DOYLE
Westinghouse Science & Technology Center

1310 Beulah Road, Pittsburgh, PA 15235

D. R. LAMPE AND M. POLINSKY
Westinghouse Advanced Technology Division
Nursery and Winterson Roads, Baltimore, MD 21203

(Received April 3, 199])

Abstract In this paper we describe recent successes of growth of
epitaxial bismuth titanate (BTO) films by pulsed laser deposition
(PLD) suitable for electro-optic and electrical switching device
structures, and fabrication of an improved gate structure for a
ferroelectric memory FET (FEMFET). TEM and x-ray resulcts indicate
that excellent crystalline quality BTO films were achieved on
LaAlC,. Polarization switching was demonstrated for BTO
caplcito:s with epitaxial superconducting YBa Cu30 as the lower
electrode. Using an Si0, buffer layer, a BTO?SL oZructure was
fabricated and direct charge modulation in the Si by polarization
reversal in the BTO was cdemonstrated.

INTRODUCTION

Since the growth of scoichiometricl and cpitaxinlz films of
ferroelectric bismuth ticinltu, BiaTisolz (BTO), by rf sputtering was
demonstrated in these laboratories, it has become apparent that films
of this material offer several important and unique spplication
opportunities in integrated electronics. These potential applications
derive from an unusual combination of several useful properties, such
as high electro-optic contrast switching effects under low address
fields, demonstrated feasibility of direct integration in silicon
FET's as a gate dielectric, and the capability of high specific
capacitance associated with low dielectric loss.

The unique electro-optic switching behaviour of BTO crystals hes
already been duplicated in sputtered epitaxial films te achieve an X-Y
addressed display.3 For ti.i+« nurpuse, single-domain film

(213)63




n4|214) H. BUHAY, S. SINHAROY, M. H. FRANCOMBE, D. R. LAMPE, W. H. KASNER

structures were required with the spontaneous polarization and optic
axis lying in the plane of the film. Similarly, experimental Si-based
memory structures were successfully fabricated in which switching
between the “"zero" and “one" states was produced by reversing the
ferroelectrir polarization in the BTO gate dielectric of an FET.4
Finally, high-value (0.3 pF/cm2 ) and low-loss (tan § = 0.005)
capacitors were fabricated on metsllized silicon substrates at growth
temperatures of about 550°C.

Despite these early successes with sputtered films of BTO, serious
growth problems were oftan encountered due to the low deposition rates
available, to the 31203-:1ch composition needed in the target, and to
the influence of ion bombardment at the substrate. These effects led
to particle formation in the films,1 cracking of epitaxisl layers and
interdiffusion with the subscrate ma:c:inl.‘ In particular, the the
interdiffusion with Si surfaces produced tunneling barriers which
promoted snomalous, fnjection-dominated switching in ferroelectric FET
remories (FEMFETs).

Recent studies by Buhay et 11.5‘6

and also by Ramesh et 11.7 have
demonstrated that high-qualfty films of BTO can be grown on a variety
of substrates, and epitaxially on MgO, by pulsed laser deposition
(PLD), using approaches similar to those developed for growth of oxide
superconductor layers. We have shown that, unlike the situation with
sputtering, stoichiometric targets can be used to yield particle-free
films of excellent structural and electrical quality, displaying
essentially bulk ferroelectric properties. Moreover, growth could be
achleved at high rates and low substrate temperatures under conditions
compatible with the processing needs of semiconductor integrated
circuits. In the present paper we describe recent sxtensions of the
PLD method to epitaxial growth of BTO films suitable for elsctro-optic
and electrical switching device structures, and to fabrication of

improved gate dielectrica for FEMFET arrays.

EXPERIMENTAL,

Film deposition was carried out using a Luownics HyperEx-460
industrial laser operating on the KrF cransition at 248 nm at pulse
energies up to 300 mJ, with pulse durations of 20-30 nsec and

repetition rates up to 65 Hz. The films were prepared, as previously
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described, with an estimated laser fluence, on the stoichiometric
BTO ceramic target, of 2 J/cmz. laser pulse rate of 10 Hz, and oxygen
flowing at a pressure of 200 mTorr. For these conditicns, and for
nominal substrate tenperatures used in the range 500-700°C, films were
grown to a typical thickness of 1 micron, at a rate of about

30 nm/min. Structural characterization was performed using X-ray
diffractometry and rocking curve messurements, X-ray oscillation and
Weissenberg patterns, electron diffraction and transmission electron
microscopy (TEM). The composition of the layers was evaluated using
electron microprobe techniques. Capacitance and conductance
measurements were made over the frequency range 10-500 kHz using a
Boonton bridge, and ferroelectric hysteresis studies were carried out
with a modified Sawyer-Tower circuit.

The epitaxial BTO films studied hers included BTO/LuAlos(OOI).
bi-layer structures of the type BTO/YBCO/L&AIOa(OOI) and
BTO/YBCO/YSZ(100) and tri-layer structures of the type
BTOIS:TiOleBCOILaA103(001) and BTO/S:TiOJIYBCOIYSZ(OOI). MIS
structures involving BTO deposits on thin (100-200A) buffer layers of
ClFé and S:LO2 on (001)Si were also prepared for electrical C-V
measurements. In the bi- and tri-layer structures the epitaxial films
of YBCO (YB.ZCu307) and SrTiO3 were pre-deposited in a separate vacuum
system by rf magnetron sputtering. In the case of silicon substrates,
Cle and 5102 were pre-deposited by vaéuum sublimation and thermal
oxidation respectively,

RESULTS

Epitaxisl Structures on gOO!anAIO3 and Zirconia (YSZ) Substrates

LAA103(001} substrates provide an excellent lattice match to the

paraslectric (high-temperature) tetragonal (00l) face of BTO (~1%
compared to 22 for SrTiO3 and 10X for MgO). BTO films were grown at
nominal substrate temperatures of 600, 675, and 750°C. Examination by
X-ray diffractometry indicated in each case primarily the
ferroelectric orthorhombic phase with a very strong c-axis (normal)
crystal orientaction. X-ray Weissenberg patterns confirmed a well-
oriented epitaxipl structure with BTO(001) // LnAlOJ(OOI). and with
a-b twinning in the (001) plane of the substrate, i.e. BTO(100) and
[olo} // LAAIOJ[IIO] (see Figure 1), X-ray rocking curve studies
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FIGURE 1  X-ray Weissenberg pattern of BTO film grown at 750°C on
LaA103(100).

ielded FWrM values depending sensitively on growth temperature.

‘<

Increasing the growth temperature from 600 through 675 to 750°C
produces a dramatic improvement in film quality, with the
corresponding FWiM widths changing as shown in Figure 2.

TEM studies performea on the 750°C sample gave confirmation of the
twinned structure (Figure 3). Small area diffraction (SAD) measured
in the twinned areas (different contrast regilons in Figure 3a and 3b)
showed the orientations of the a-b axes differ’ by 90° rotation and the
twin boundaries are parallel to the film axes. Two types of
boundaries observed were: (a) straight boundaries (Figure 3a)
probably associated with formation of twins directly at the growth
temperature near the Curie point (Tc) transition, and (b) curved
boundarlies (Figure 3b) tentatively attributed to formation of
ferroelectric domains on cooling below Tc. These results suggest that
the true f£ilm growth temperature may differ from that measured at the
heater surface by as much as 60-80°C. However, single domain film
structures of quality adequate for optical waveguide modulators can

péobably be achieved by growing further above the Te¢ transition.
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FIGURE 2 FWHM of X-ray rocking curve about (0014) versus temperature
for 3TO £ilm of Figure 1.

Good-gquality epitaxy 65 B70 was also obtained in the various bi-
and tri-layer, (001) oriented samples on LaAlO3 and yttria-stabilized
z:oz. In each case, the BTO c-axls was normal to the substrate plane.
In the case of the structures with YBCO, a narrow temperature window
was established for BTO growth which led to ferroelectric behaviour
without degradation of the superconducting transition at 90K in the
¥YBCO. Using gold top electrodes, hysteresis loops of the type shown
in Figure 4 were displayed. The measured polarization at partial
saturation (4.3 pC/cmz) agrees well with the bulk crystal value
parallel to the-c~axis, but the coercive field (200-300 kV/em) is
anomalously high. These structures provide a3 unique example of
highly-ordered, lat:ice-maéched electrode/ ferroelectric interfaces,
which should possess high stability and reduced fatigue, for exarple,

in semiconductor memory configuration.
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(b)

FIGURE 3 TEMs of same BTO film of Figures 1l and 2: (a) straigh:
twin boundaries; (b) curved twin boundaries.
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FIGURE 4 Hysteresis loop measured at 2 kHz for BTO/SrTi0./¥3CO/YSZ
structure. Scale: Vertical, 3.5 pClem” per large divgsion;
Horizontal, 310 kV/em per large division.

MIS Structures on Silicon

These structures were explored with the aim of establishing whether
PLD films of 370 on Si (with or wi:hout.dielec:ric buffer layers)
might exhibit switching behaviour free from the charge injection
effects encountered previously with sputter-deposited 3TO lavers.

370 structures prepared by PLD without such buffer layers were in fac:
found to display inlection effects, and will not be discussed further
here. The results for 37O structures using Cal—‘2 or SiO2 as a buifer

" layer are discussed further below. The STO/Can dielectric structure
was deposited on a standard VHSIC CMOS wafer (4-8 Ohm-cm p Si epi-
layer grown on 0.005-0.02 Ohm-cm p  Si substrate). The 3T0/S10,
structure was deposited on a gridded (6 gm wide N lines spaced 60 am
apart) standard wafer. In both cases a mercury probe having an area
of 0.64 X 10-3 cmz was used as the top electrode. The BTOICaF2 and
BTO/SiO2 est structures and C-V plots are shown in Figures 5 and 6
respectively. .

The test structure of Figure 5 was inzended to simulate a FEMFZIT
that {s incorporated in & P-well CMOS VLSIC memory, i.e., an N-channel
FEMFET. Thus, as the gate voltage sweeps from +5 volts to -5 wol:ts in
the C-V hysteresis curve of Figure 5, the capacitance of the gate

dielectric stack increases as the depletion-region “inversion charge
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FIGURE 5 Test structure and C-V hysteresis result for a Can-
buffered BT0 £{lm on a standard VHSIC CMOS S{i wafer.

layer" becomes an "accumulazion charge layer", with the disappearance
of the series depletion-region capacitance at approximately the

threshold voltage. The shift of the threshold from enhancement mcde
toward depletion moée in response to negative programming (V ==

gate
volts) indicates positive charge trapped near the semiconductor-gate-

w

dlelectric interface rather than a negative sheet of charge that wouid
arise {f the negative gate reoriented the ferroelectric dipoles to the
positive end adjacent to the negative gate. Thus, the pblari:y of zhe
threshold shift of the C-V plot (arrow directions shown in Figure 5)
for the BTO/CaF2 structure I{s consistent with the Iinterpretation that
charge is being injected from the Si surface into traps near the
BTO/CaF2 interface (injection type onfoff switching).

The test structure of Figure 6 includes more of the FEMFET
{namely, the NMOST source/drain implants) to greatly facilitate both
pulsed and endurance C-V measurements. Consequently, in the C-V plct
of Figure 6, the lower apparent capacitance is shunted back %o its
higher value by an inversion layer whose source of electrons is the
source/drain grid implant that is shorted to the substrate. Oaly
during the transition from an accumulation layer (arising from a
negative gate bias) to the inversion layer (associated with a positive
gate blas) does the gate capacitance drop to a minim:m value at a gate

voltage near the effective threshold voitage. Thus, from the gricdded-

D-8

N




PULSED LASER DEPOSITION OF ORIENTED BISMUTH TITANATE FILMS (22171

Test Cross-Section:
Area ~ .64E-3CM?2

b3
=]
Q
G
[}
o ! '
Mercury Caoiltary //(. A g 5
3, T1,0.,(500nm! S s _
- D o . e ,Q\/4 E‘L
i ) Ve X/ ) -
SIOZHOnm; - 1\} Q\,? s =
o semm sty =L e »
N —_————— e
~7 =
. R 0
(N .5 S

0
Voltage (V)
{P--) Substraze

FIGURE 6 Test structure and C-V hysteresis result for a
Sioz-buffered BTO £ilm on a gridded wafer.

wafer C-V hysteresis curve of Figure 6, the negative memory-gate
programming gives the enhancement mode (normally OFF) while the
positive memory gate programming gives the depletion mode (normally
ON). The polarizy of the threshold shift of the C-V plot (arrow
directions shown in Figure 6) for the B‘I'C/Sio2 structure is opposi:e
of that in Figure 5 and is indicative of ferroelectric switching.
That is, for 5-volt programming, the reversible ferroelectric
polarization dominated when charge tunnelling and trapping was
inhibited by the good quali:ty SiO2 buffer layer. The Can buffer
layer, however, permitted so much charge tunnelling and trapping tha:
it completely dominated over any likely ferrcelec:zric polarization
switching, The faster BTO ferroelectric switching is the desired goal
for NDRO FERRAM operation.

SUMMARY

Pulsed laser deposition has beén used, in conjunction with a
stoichiometric target, to deposit a variety of BTO epitaxial
structures on (001) crystal substrates of LaAlO3 and YSZ. By
controlling the growth temperature, it was possible to form high-
quality BTO capacitors with epitaxial superconducting YBCO as the

lower electrode, and to demonstrate polarization switching. Using
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SiO2 buffer layers, BTO/S{ MIS structures also were grown, and the
feasibility of direct charge modulation in the Si{ by polarization

reversal in the BTO was demonstrated.
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Stoichiometric films of bismuth titanate, Bi,Ti;O,, have been grown for the first time by the
technique of pulsed excimer laser deposition. Ferroelectric films were obtained at
temperatures as low as 500 °C on Si(100), MgO(110), and Ptcoated Si(100) substrates.
Hysteresis measurements using a Pt-coated Si sample yielded a saturation polarization value
of about 28 pC/cm?, consistent with a randomly oriented titanate film structure. A
preliminary metal-insulator-semiconductor sandwich structure of the form

Bi, Ti,0,--CaF,(100 A)-Si was grown and used to examine polarization induced memory

switching effects.

In previous studies’? it has been demonstrated that
films of bismuth titanate, Bi,Ti;0,, with high structural,
electrical, and optical quality can be prepared by rf sput-
tering. For sputtered films it was not possible to grow crys-
talline films of the ferroelectric composition at elevated
substrate temperatures without using excess bismuth oxide
in the ceramic target. Also, since sputtering is a slow pro-
cess, interdiffusion with the substrate can occur at the high
temperatures needed for single-phase growth. Recently, la-
ser deposition has emerged as a promising technique for
the stoichiometric growth of perovskite-type high-
temperature superconductor films.* Efforts have also been
made to apply this deposition approach to ferroelectric
mixed oxides, such as lead zirconate titanate (PZT), but
composition control difficulties have arisen due to the high
volatility of the PbO constituent.® No reports have yet ap-
peared on the use of this technique for the growth of
Bi,Ti;0,, films.

The fact that ferroelectric Bi Ti;0,, displays a c-axis
polarization component with a low coercive field renders it
attractive as a gate dielectric film in ferroelectric field-effect
transistor (FET) semiconductor memories requiring low
drive power. Earlier attempts were made by Wu® and by
Sugibuchi e al.” to achieve such FET structures using rf
sputtering to deposit the titanate film. However, the high
processing temperatures (~675°C) and low deposition
rates used for titanate film growth led to interdiffused
structures characterized by the appearance of oxide tun-
neling barriers at the semiconductor interface. A key mo-
tivation for the present study was to explore the feasibility
of using pulsed laser deposition for rapid growth of the
titanate at low substrate temperatures, in order to obtain
optimum semiconductor/dielectric interface properties.

The pulsed laser used was a Lumonics Hyper EX-460
industrial excimer laser operating on the KrF transition at
248 nm at pulse energies up to 300 mJ, with pulse dura-
tions of 20-30 ns and repetition rates up to 65 Hz. The
laser beam entered the metal vacuum chamber (base pres-
sure 5% 107 Torr) via a quartz window and was focused to
a rectangular spot (1.5 mmX3.5 mm) on a hot-pressed

1470 Appl. Phys. Lett. 58 (14), 8 April 1991
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stoichiometric Bi Ti;0,, ceramic target supplied by Pure
Tech, Inc. The beam was incident on the target at an angle
of 45°, and the target was rotated at 10 rpm to reduce
cratering. Substrates were bonded with conductive epoxy
to the substrate holder, which was radiatively heated, and
were positioned at a distance of 3.5 cm from the target
surface. The samples were placed within a 2-cm-diam area
centered on the plume axis, and were expected to receive
material removed from the target mainly by ablation. All
films were prepared with an estimated laser Auence on the
target of 2 J/cm?, laser pulse rate of 10 Hz, and oxygen
flowing at a pressure of 200 mTorr. For these conditions
the deposition rate was about 30 nm/min. Films were pre-
pared at different substrate temperatures in the range 500~
700 °C, and were grown typically to thicknesses of about 1
pm. Structural characterization of the films was performed
using x-ray diffractometry, x-ray oscillation patterns, and
texture camera photographs, while surface morphology
was determined by means of scanning electron microscopy.
The composition of the layers was examined using energy-
dispersive x-ray (EDX) and electron microprobe tech-
nigues. Capacitance and conductance ieasurements were
made over the frequency range 10-500 kHz using a Boon-
ton bridge, and ferroelectric hysteresis studies were carried
out with 2 modified Sawyer-Tower circuit.

Preliminary depositions were made on MgO(110) and

Si(100) substrates at 675 °C in order to provide a basis for

comparison with previously grown rf sputter-deposited
films prepared at the same temperature. In all samples -
studied compositions of the deposited films were deter-
mined to be the same as that of the target within the pre-
cision of the EDX and electron microprobe measurements.
This result was confirmed by the phase composition data
obtained by diffractometry, as shown in Fig. 1. This figure
also emphasizes the strong differences in orientation be-
tween layers grown on the two substrate materials. The
diffractometer trace for the film on silicon [Fig. 1(a)] indi-
cates a randomly oriented polycrystalline structure, while
that for the film on MgO [Fig. lI(b}] cenfirms a highly
oriented texture with the orthorhombic ¢ axis normal to

© 1991 Amencan Institute of Physics 1470
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FIG 1 Xcray diffraction patterns for (a) a film deposited at 500 °C on
Si{ 100} and (b) a film deposited at 675°C on MgO (110).

the substrate surface. [The reflections in the pattern shown
in Fig. 1(a) were indexed on an orthorhombic unit cell
with dimensions ¢ = $.453, b = §.403, ¢ = 32.83 A, cf. the
values for bulk crystals of Bi,Ti;O,. ie,, a = 5.448, b
= 5.410. ¢ = 32.84 A).] These results on film orientation
differ markedly from those reported previously from our
laboratories*® on sputtered films of Bi Ti;O,,. Sputtered
lavers on Si{100) were shown usually to display a strong
c-axis texture (at least for films about 3 um thick), whils
those on MgO(110) grew with the ¢ axis (and either the a
or b axis) in the plane. One possible explanation for this
difference is the fact that the surface structure of the
MgO(110) substrate may be modified at the high oxygen
pressure and temperature at which the pulsed laser depos-
ited films were prepared.

Scanning electron microscopy (SEM) micrographs of
the laser-deposited titanate films showed them to be virtu-
ally free from particulate deposits {a problem especially
associated with laser deposition of high 7, superconducting
films, and often with sputtered films) with no evidence of
cracking. The surface structure of the highly textured de-
posit on MgO(110) showed the formation of rectangular
platelets (consistent with the habit of bulk crystals) with
edges aligned parallel to the sides of the MgO substrate [see
Fig. 2(a)]. Confirmation of this alignment was obtained
from x-ray oscillation patterns such as that illustrated in
Fig. 2(b) which indicates a weakly epitaxial (double-
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BidTi3O12 Layer Line

thl

FIG. 2 (a) Scanning electron micrograph of a tiber textured film on an
MeO(110) substrate; (b) x-ray diffraction oscillation pattern of the same
sample.

positioned) structure of the type (001) Bi,Ti:0.//
{110)MgO; with the [100] and [010] cell edges of the u-
tanate lying at approximately 45° to the in-plane [001] and
[110] axes of the MgO. This azimuthal alignment is readily
explained by recalling that the titanate film is deposited at
temperatures slightly above the Curie point. where the
structure is tetragonal® and can be referred to a unit cell
with an ay parameter of about 3.86 A (cf. a = 4.21 A for
MgO). Tt is these shorter tetragonal axes (oriented at 45°
to the orthorhombic axes of the ferroelectric phase) which
align parallel to the [001] MgO axis during growth.
Hysteresis measurements were performed on metal-
ferroelectric-metal-semiconductor sandwich structures :n
which the ferroelectric comprised a bismuth titanate laver
about 1 um thick deposited at 500 °C. The substrate was
low-resistivity p-type Si(100), which was coated with 30
nm of SiO, prior to application of a sputtered Pt(Ti) con-
tact Javer. X-ray diffraction measurements showed that the
Bi,Ti;O,, film possessed a randomly oriented polveryvstal-

-
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F1G. 3 Hysteresis loop measured at 2 kHz for a 1050-nm-thick polverys-
talline bismuth titanate film. Scale: verucal, 7.5 uC/em per large divi-
sion: henzontal, 181.8 kVsem per large division

line structure, similar to that of the films grown on
Si(100). shown in Fig. 1(a). Figure 3 shows a hysteresis
loop obtained at 2 kHz from such a structure mth a cir-
cular gold counterelectrode having area 5 10~ > ecm?, The
polarization is nearly saturated, and at slightly higher ap-
plied voltage dielecinic breakdown occurred. The inability
to fully saturate the polarization may have been due to
poor counterelectrode contact or shorting via grain bound-
aries in the film. Annealing of the electrodes or use of lower
growth temperatures is expected to reduce or eliminate this
_problem. The estimated saturation polarization and rema-
nent polarization were 28 and 19.3 uC/cm’, respectively.
The saturation polarization is consistent with the value
(~32 uC/cm ) anticipated for a random angular distribu-
tion of the resultant polarization (~ 50 uC/cm®) typical of
bulk cryvstals. The estimated coercive field is 200 kV/cm,
and is comparable to values measured for randomly ori-
ented Bi,T1,0,, films prepared by sputtering.

Capacitance and conductance measurements yielded a
dielectric consiant (for the sample depicted in Fig. 3) of
approximately 138 which is independent of frequency. The
dissipation factor varies somewhat with frequency, display-
ing a minimum value of 2.2 10 ~ at 500 kHz. Both the
dielectric constant and dissipation factor fall within the
range rneasured for sputtered films of Bi;Ti,0;..

In an attempt to test the feasibility of using the laser-
deposited flms of bismuth titanate as the gate dielectric in
a ferroelectric FET memory device we prepared metal-
insulator-semiconductor (MIS) structures on p-type sili-
con substrates. A [0-nm-thick film of CaF, grown by mo-
lecular beam epitaxy (MBE) was interposed between the
silicon epitaxial laver and the ferroelectric laver (grown at

,
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500°C) in order to suppress tunnel-injection efects ob-
served previously with MIS samples in which the zote di-
electric comprised a sputtered titanate layer grown directls
on the silicon.® The counterelectrode was the mercury cap-
illary of a standard mercury probe having a contact area of
0.64x 1073 ¢m®. which was used to measure the C-¥
curve. However, the polarity of the threshold shift of the
curve was the same as that observed by Wu.” consistent
with the interpretation that charge is being injected from
the silicon surface into traps in the ferroelectric film (in-
jection type on/off switching). A threshold shift opposite
in sign to the injection type is expected from induced
charge compensation on the Si surface by the polarization
of the film (polarization type switching). Apparently. the
fluoride laver thickness used here was too thin to prevent
charge injection. Further work is currently in progress.
using barrier layers of either a thicker CaF, film or a layer
of SiO, to prevent charge injection

In conclusion, stoichiometric transfer from a Bi Ti;0,-
target to a varety of single-crystal substrates has been
achieved by the technique of pulsed excimer laser deposi-
tion. The deposited ferroelectric titanate phase remains sta-
ble during growth at substrate temperatures up to 675 °C
or higher, and films deposited at temperatures down to
500 °C are shown to display bulk-type ferroelectric behav-
ior. A preliminary version of a ferroelectric MIS structure
failed to demonstrate polarization type switching of the
type required in ferroelectric FET memory devices. How-
ever, it may vet be possible to overcome this problem by
using lower growth temperatures or thicker dielectric bar-
rier layers.
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